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Nothing in life is to be feared, 
 it is only to be understood.  

Now is the time to understand more,  
so that we may fear less. 

Marie Curie 
 

 
 

 
One, remember to look up at the stars  

and not down at your feet.  
Two, never give up work.  

Work gives you meaning and purpose  
and life is empty without it.  

Three, if you are lucky enough to find love, 
 remember it is there and don't throw it away. 

Stephen Hawking 
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RIASSUNTO 
Le interazioni tra la tettonica delle placche e la convezione del mantello sono continuamente oggetto 

di investigazione nel campo della geodinamica e tettonica delle placche. Questa tesi di dottorato 

contribuisce ad ampliare le conoscenze su queste interazioni, integrando la modellazione numerica 

effettuata in differenti geometrie con dati geofisici e cinematici. Questi dati suggeriscono un forte 

carattere asimmetrico della tettonica delle placche, sia lungo i margini convergenti che estensionali. 

Un moto globale verso “ovest” della litosfera potrebbe esserne il principale responsabile, causando 

interazioni asimmetriche tra la litosfera ed il mantello sottostante. A partire da modelli numerici in 

geometria piana, è stata simulata l’interazione tra una placca oceanica in subduzione e un flusso 

orizzontale del mantello. I risultati hanno mostrato come la dinamica di subduzione sia fortemente 

influenzata da questo flusso orizzontale, riproducendo alcune delle principali caratteristiche di 

subduzioni attuali, come ad esempio la pendenza dello slab, lo stato di stress della placca a tetto ed il 

movimento della cerniera della subduzione. La litosfera che rientra nel mantello attraverso la 

subduzione è uno degli aspetti principali quando si analizzano le interazioni tra la tettonica delle 

placche ed i movimenti del mantello ed è strettamente legato al tipo di movimento della cerniera dello 

slab in subduzione. In un sistema di riferimento in cui la placca a tetto è fissa, una cerniera che si 

muove verso di essa contribuisce a diminuire il tasso di subduzione e viceversa. È stata effettuata 

quindi una analisi cinematica globale, calcolando i tassi di subduzione ed il volume di litosfera 

attualmente in subduzione per ogni subduzione. I risultati hanno mostrato tassi di subduzione e 

volumi di litosfera subdotti maggiori in corrispondenza della maggior parte delle subduzioni con 

polarità geografica dello slab verso “ovest” rispetto alle subduzioni con polarità opposta. Il tasso di 

subduzione è un parametro-chiave per la caratterizzazione della dinamica delle subduzioni poiché 

racchiude la velocità di convergenza della placca in subduzione ed il comportamento della cerniera. 

Perciò i modelli numerici sono stati migliorati per includere questa velocità come condizione al 

contorno, usando i tassi di subduzione ottenuti tramite l’analisi cinematica. L’asimmetria delle 

subduzioni è stata riprodotta dai modelli numerici, supportando l’analisi cinematica. Per verificare 

infine la dinamica di subduzione in geometria sferica, il moto delle placche è stato simulato in sistemi 

di riferimento assoluti e relativi: 1) hotspot profondi, 2) hotspot superficiali, 3) placca a tetto fissa. I 

risultati forniscono materiale di riferimento per futuri lavori di ricerca. 
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ABSTRACT 
Relationships between plate tectonics and mantle convection are under relentless investigation in the 

field of geodynamics and plate tectonics. This dissertation contributes to the understanding of this 

interplay, integrating numerical models in different geometries with both geophysical and kinematic 

data. These data would suggest an asymmetric character of plate tectonics, along both extensional 

and convergent margins. A global “westward” displacement of the lithosphere with respect to the 

underlying mantle could be responsible for that, causing asymmetries in lithosphere-mantle 

interactions. Starting from numerical models in a rectangular box, interactions between subducting 

oceanic plates and a horizontal mantle flow have been simulated. Results showed that subduction 

dynamics is strongly affected by the horizontal flow, reproducing some of the main features of 

present-day subduction zones such as slab dip, state of stress within the upper plate and motion of the 

subduction hinge. Lithosphere re-entering into the mantle through subduction is one of the main 

aspects when analyzing the interplay between mantle motion and plate tectonics and it is highly 

affected by the displacement of the subduction hinge. In the fixed upper plate framework, the hinge 

moving towards the upper plate contributes to decrease the subduction rate and vice-versa. Thus, a 

worldwide kinematic analysis was performed, eventually calculating the subduction rate and volumes 

of subducted lithosphere for each subduction zone. Results showed both faster subduction rates and 

higher volumes of subducted lithosphere along most of the “westward”-directed subduction zones 

with respect to the opposite ones. The subduction rate could be considered as a key-parameter for 

subduction zones dynamics, enclosing both the plate convergence velocity and the motion of the 

subduction hinge. Therefore, the numerical simulations have been improved to include this velocity 

as boundary condition, using subduction rate estimations obtained from the kinematic analysis. The 

numerical models reproduced subduction zones asymmetries, supporting the kinematic analysis. 

Finally plate reconstructions have been computed to verify subduction dynamics in a spherical 

domain using both mantle- and relative-reference frameworks, e.g., 1) deep hotspots; 2) shallow 

hotspots; 3) upper plate fixed. Results provide reference material for future research works. 
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PREFACE 

This thesis explores the range of interactions between plate tectonics processes (particularly 

subduction and its features), the “westward” rotation of the lithosphere and mantle convection. Thus, 

the main aim of this dissertation is the development of 2d (in plane and spherical geometry) and 3d 

(in spherical geometry) numerical models which simulate subduction zones dynamics and their 

relations with mantle circulation. This dissertation is organized in four chapters and two appendices 

in which frameworks, methods, results and their implications are shown step by step. Chapter 1 is a 

brief introduction on the Earth’s interior, plate tectonics and kinematics. In Chapter 2 are described 

numerical models that test the asymmetric interaction between a horizontal mantle flow and 

subduction zones, in a fixed upper plate reference frame. This asymmetric behaviour was then tested 

without the imposition of the horizontal mantle flow in Chapter 3. Here, in a fixed upper plate 

reference frame, a kinematic analysis of the subduction hinge motion and of volumes of lithosphere 

currently subducting worldwide was made to this scope. Chapter 4 represents a numerical analysis 

that aimed to investigate subduction dynamics in absolute reference frames (considering both deep 

and shallow hotspots source). Using the ASPECT code for mantle convection allowed to 

communicate with its broad and active community. During the tests, I identified a bug which have 

been then fixed by the ASPECT’s developers. Finally, Appendix A and Appendix B show further 

results of Chapter 2 and Chapter 4, respectively.  

Some of these chapters were used to produce related papers, for instance, Chapter 2 (Ficini et al., 

2017) and Chapter 3 (Ficini et al., submitted). The external reviews of these works were extremely 

useful to improve the validity of the results. In Ficini et al. (2017) I elaborated the modeling strategy, 

performed and analyzed the numerical experiments, discussed the results, commented and 

contributed to write the paper. In Ficini et al. (submitted) I elaborated the modeling strategy and 

designed the model setup, performed the kinematic analysis and numerical experiments, discussed 

the results, contributed to write and commented on the paper. 
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Chapter 1 
 

Introduction 
 

Before going into details with subduction zones and mantle convection dynamics it is useful to 

provide the reader with background informations about the Earth’s interior and plate tectonics, in 

order to make the reading of the next chapters as smooth as possible. 

 

1.1 Interior of the Earth 
 

Although the Earth’s interior is one of the most explored topic in geosciences and geodynamics, there 

still are several outstanding issues and questions with no univocal answers.  

The interior of the Earth could be partitioned in layers on a compositional basis or on its mechanical 

behaviour (i.e., rheology). Following the conventional compositional criterion, three layers can be 

identified: the crust, the mantle and the core (Figure 1.1). This assumes a chemical stratification 

bound to density of minerals for which lighter elements (e.g., Si, Al, Mg) rise toward the surface 

whereas heavier ones (e.g., Fe, Ni) sink at depth. We can also identify a useful rheological (i.e., based 

on its mechanical behaviour) layering of the Earth’s interior (Figure 1.1). With this criterion, we can 

detect the lithosphere, the asthenosphere, the mesosphere, the outer and the inner core. 

The crust is the outermost and thinnest (0-10 to 20-50 km) layer and can be either oceanic and 

continental. Its average density is within the range of 2600-2800 kg/m3, reaching thicknesses up to 

~70 km below high mountain ranges (e.g., the Himalayas or the Andes). The oceanic crust is younger 

(0-180 Myr; Artemieva, 2011) with respect to the continental one (up to ~4 Gyr; Artemieva, 2011) 

pointing to its higher mobility. Mohorovičić discontinuity (at ~30 km depth, on average) splits the 

crust and the mantle below. Here an abrupt increase of the seismic velocities occurs (e.g., P-waves 

velocity varies from ~6.50–7.00 to ~8.00 km/s, whereas S-waves goes from ~3.90 to ~4.50 km/s), 

due to the higher rigidity of the rocks of the mantle below the crust.  

The mantle is mainly peridotitic and can be divided in an upper (between ~30 km and ~670 km) and 

a lower (between ~670 km and ~2891 km) part, with some important discontinuities in it, as for 

example the 410 km discontinuity. This discontinuity marks the olivine-spinel phase change with an 

increase in the seismic velocities, i.e., P-waves from ~8.90 to ~9.13 km/s and S-waves from ~4.76 to 

~4.93 km/s. At 670 km, the boundary between the upper and lower mantle is emphasized by a rise in 
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the seismic velocities, i.e., P-waves from ~10.26 to ~10.75 km/s and S-waves from ~5.57 to ~5.94 

km/s, due to the phase change from spinel to perovskite and magnesiowüstite, higher in density and 

viscosity. At the base of the mantle (i.e., ~2891 km depth) the Gutenberg discontinuity marks the 

boundary between the mantle and the core. At this depth, the pressure is of ~140 GPa. 

The Earth’s core is made of Fe and Ni alloys and is twice as dense as the mantle (10000-13000 kg/m3). 

It spans from ~2891 km depth to the center of the Earth, having a radius of ~3500 km. 

The lithosphere has variable thicknesses depending on the geological setting, i.e., thinner the oceanic 

(~20-100 km) and thicker (~50-250 km) the continental one, but on average could be considered as 

100 km thick. It is the combination between the crust plus the lithospheric mantle (LID). This is the 

shallower part of the mantle above the 1300°C isotherm that can be, thus, considered as the bottom 

of the lithosphere. At this depth P- and S-waves velocities are ~8.07 and ~4.46 km/s.  
The asthenosphere goes from ~100 km to ~410 km. At its top (~100-200 km), right under the 

lithosphere (Doglioni et al., 2011; Gutenberg, 1959; Lambert & Wyllie, 1970; Thybo, 2006;), a layer 

can be detected in which a small amount, i.e., probably the 0.2-2% (Chantel et al., 2016; Doglioni et 

al., 2005; Green & Falloon, 1998; Green & Liebermann, 1976), of melt allows a drop in seismic 

velocities, that reach ~7.98 and ~4.41 km/s for P- and S-waves, respectively. For this reason, this 

layer is called Low Velocity Zone (LVZ) but it could be known also as Low Velocity Layer or 

asthenospheric mantle and it can reach the lowest viscosity values (~1015-1019 Pa s; Asimow & 

Langmuir, 2003; Chantel et al., 2016; Grove et al., 2006; Hu et al., 2016; Jin et al., 1994; Karato et 

al., 2008; Korenaga & Karato, 2008; Pollitz et al., 1998) among the Earth’s layers depending on its 

water content. It is one of the most important layer for the Earth’s dynamic since it allows the relative 

movements between the lithosphere and the mantle below. At ~410 km depth an increase in seismic 

velocities can be observed. They go from ~8.90 to ~9.13 km/s for P-waves and from ~4.76 to ~4.93 

km/s for S-waves: this is commonly addressed to the exothermic transition of olivine to its denser 

spinel-like phase.  

The mesosphere is the last layer belonging to the upper mantle. It extends from ~410 km to the 670 

km depth discontinuity. The bottom of the mesosphere is considered as the maximum depth at which 

subduction zones earthquakes occur. However, the 670 km discontinuity depth could be variable, 

e.g., Izu Bonin subduction zone at which the bottom of the mesosphere seems to reach ~690 km depth 

(Obayashi et al., 2017; Porrit & Yoshioka, 2016). At this depth P-waves velocity increases from 

~10.26 to ~10.99 km/s, whereas S-waves go from ~5.57 to ~5.94 km/s. 

Below the mesosphere, the lower mantle extends down to a depth of ~2891 km, where the core-

mantle boundary (CMB) is located.  

The core could be divided in an outer (liquid) and an inner (solid) part. In its outer part, the S-waves 
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disappear together with an abrupt drop of the P-waves velocity (that decrease to 8.06 km/s) and the 

temperature should be in the range of 4000-5000°C. The Lehmann discontinuity, at about 5100 km 

depth, marks the boundary between the outer and the inner core. Here the mantle physical state 

changes from liquid to solid and the pressure is ~330 GPa for a temperature that spans in the range 

of 5000-6500°C. The inner core has a radius of 1221 km and its solid state can be detected thanks to 

an abrupt increase of the seismic P-waves and S-waves velocity, that go from ~10.35 to ~11.02 km/s 

and from 0 to 3.50 km/s, respectively. This solid inner part of the core is thought to exist since 1.5 

Gyr and it is currently expanding because of the outer core secular cooling from the bottom. 

Moreover, the inner core has P-waves higher in velocity in a N-S direction, aligned to the Earth’s 

rotation axis (Godwin et al., 2018 and references therein). The inner core appears to rotate eastward 

~3° yr-1 faster with respect to the mantle and with the anisotropy axis tilted by ~10° with respect to 

the Earth’s rotation axis (Su et al., 1996). The inner core anisotropy is due to the alignment and 

orientation of the Fe crystals along the Earth’s rotation axis suggesting a rotational control on it.  

 

 

One of the most important work of the last 40 years is the Dziewonski and Anderson’s (1981) PREM 

(Preliminary Reference Earth Model), a one-dimensional model of the Earth’s interior (Figure 1.2) 

that still represents the reference model for several Earth’s parameters with depth (i.e., density, 

seismic waves velocities, etc.) and from which seismic velocities in this Chapter 1 have been taken. 

Figure 1.1 – The interior of the Earth. Cartoon sketch (not in scale) of the Earth’s interior that sums up both compositional 
and mechanical partitions.  
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1.2 Basic concepts of plate tectonics 
 

Plate tectonics has certainly been the main revolutionary theory for Earth sciences since it was first 

set out, in the first decades of the 1900s, and validated, in the late 1950s-early 1960s. It concerns and 

explains the evolution of the Earth’s outer shell, i.e., the lithosphere, which is broken in plates that 

are in relative motion with respect to the mantle and with respect to each other. The foundation of the 

more recent theories about plate tectonics has been laid by Alfred Wegener, with his “continental 

drift” concept. His conclusions were presented for the first time to the German Geological Society in 

Frankfurt, on the 6th of January 1912, and published in 1915 with the paper “The origin of continents 

and oceans” (Wegener, 1915; 1924). Behind Wegener’s theory there was a superocean, that he called 

Panthalassa (from the ancient Greek pan, all, and thàlassa, sea), which surrounded a supercontinent 

named Pangaea (from the ancient Greek pan, all, and gaia, Earth), which broke up in several portions 

each referred to as “continent” (Figure 1.3). Wegener intuition was confirmed through the observation 

of African and South American plate margins: in fact, if connected, these boundaries fit almost 

perfectly. Furthermore, analysis on their rocks and fossils were found to be in strong agreement. 

Figure 1.2 – The PREM model. Dashed lines are the horizontal components of velocity. 
𝜂 is a non-dimensional parameter, 𝜌 is the density, 𝑉$ is the P-waves velocity and 𝑉% is the 
S-waves velocity. Where 𝜂 is 1 the model is isotropic (from Dziewonski and Andersons, 
1981). 
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Despite evidence in its support, the continental drift theory was not accepted for many years, in fact, 

its complete acceptance occurred around 1967. During these years, geophysicists Morgan, McKenzie 

and Parker set out revised versions of plate tectonics theory, integrating John Tuzo Wilson discoveries 

about hotspots (Wilson, 1963) and transform faults (Wilson, 1965). His findings, plus Vine and 

Matthews (1963) paleomagnetic studies, contributed to the universal acceptance of Hess’s (1962) 

model on seafloor spreading.  

 

 

There are eight major plates, such as Pacific (PA), North America (NA), Eurasia (EU), Africa (AF), 

Antarctica (AN), Australia (AU), India (IN), South America (SA), as well as some minor plates, i.e., 

Nazca, Philippines Sea, Caribbean, Cocos, Scotia, Juan de Fuca etc., and a constantly evolving 

number of microplates, i.e., Kermadec, Tonga, Okinawa, Aegean Sea, Banda Sea etc. (Figure 1.4). 

Most of the geological features, such as earthquakes, orogens and oceanic trenches formation, active 

volcanoes and mid-ocean ridges occur along plate boundaries. Movements of plate relative to each 

other can be of three types, leading to three different plate margins (Figure 1.4): i) convergent margins 

(destructive), at which plates move towards each other with one plate eventually subducting below 

the other; ii) divergent margins (constructive), at which plates move apart from each other, eventually 

Figure 1.3 – Continental drift of plates. Evolution of the location of Earth's continents at various times between 225 Myr and Present 
time (by courtesy of Encyclopaedia Britannica, Inc., copyright 2017; used with permission). 
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leading to seafloor spreading (ridge axis); iii) transform margins (conservative), at which plates slide 

with respect to each other. Although plates are made by both oceanic and continental material, usually 

only the oceanic part of any plate is continuously recycled, as it is subducted at ocean trenches and 
accreted at ocean ridges. 
 

 

1.2.1 Plate kinematics  
 

The décollement plane is the most important element for plate tectonics as we know it. It is the 

rheologically weak sub-lithospheric layer which allows the relative motion between the lithosphere 

and the mantle below. For the Earth, this layer corresponds to the LVZ, at the top of the asthenosphere 

(Figure 1.1). Plates movements are in the order of a few tens of millimeters per year and observable 

plate velocities are related to lateral heterogeneities in viscosity within the LVZ, leading to different 

decoupling extent. Connecting vectors of extensional and compressional stresses within lithospheric 

plates it can be seen a main direction in their motion, in an absolute reference frame (Figure 1.5). 

This preferential flow of plates is faster along the tectonic equator (Figure 1.5) and has a mainly E-

W direction, being ondulated in a NE-SW direction between western Pacific Ocean and eastern 

Africa. It seems to persist at least over the last 100 Myr (Doglioni & Panza, 2015).  

Figure 1.4 - Distribution of the major and minor plates. The ocean ridge axis (divergent plate margins), subduction zones 
(convergent plate margins) and transform faults that make up the plate boundaries are shown (from Turcotte and Schubert, 1982).  
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From Figure 1.5 a global “westward” drift of plates would be supported, although they move with 

different velocities with respect to each other (Figure 1.6). This geodynamic model of plates motion 

can suggest constraints for a global model of mantle circulation (Doglioni & Anderson, 2015; 

Doglioni & Panza, 2015): at a global scale the mantle would be flowing “eastward” relative to the 

lithosphere, generating a first order flow. Subductions and rift zones provide then a second order 

turbulence disturbing the main “eastward” relative mantle flow (Doglioni et al., 2015). In fact, there 

are subduction zones and orogens that do not follow the “westward” lithospheric flow, e.g., the 

Pyrenees, resulting from these second order subrotations of plates (Cuffaro et al., 2008). Mantle 

anisotropies provide evidence for the existence of this mantle flow, e.g., below the Nazca plate (Russo 

& Silver, 1994), below the Tyrrhenian backarc basin (Margheriti et al., 1996), below north-western 

America (Silver & Holt, 2002) and below southern Pacific ridges (Wolfe & Solomon, 1998). 

Kennedy et al. (2002) demonstrated how some mantle xenoliths recorded evidence for a shear stress 

Figure 1.5 - Present-day plate motions. Different shapes of the tectonic equator, starting from the Pacific motion direction and linking 
all the other relative motions in a global circuit using first order tectonic features such as the East Pacific Rise (1), the Atlantic rift (2), the 
Red Sea, the Indian Ocean rift (3) for the rift zones, and the west Pacific subduction (4), the Andean subduction (5), and the Zagros- 
Himalayas subduction (6) for convergent margins. The grey curve is the tectonic equator provided by Crespi et al. (2007), with latitude 
error band containing the net-rotation equator for shallow hotspot reference frame (dashed black curve) with a pole located at −56.4 °N 
136.7 °E (red circle). Yellow arrows are the relative plate velocities along the tectonic equator with units of cm/yr from DeMets et al. 
(2010). Every deviation of velocity direction with respect to the main azimuth of tectonic equator can be attributed to oblique components 
of relative plate motions, generating transtension and transpression at rift and subduction zones respectively. Thin lines are the small circles 
of the Euler pole. PA-Pacific, NZ - Nazca, SA - South America, AF - Africa, SO - Somalia, AR - Arabia, IN - India, EU - Eurasia.  
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within the lithosphere-asthenosphere interface. These informations would support the existence of an 

upper mantle flow and a décollement layer at the bottom of the lithosphere (Russo & Silver, 

1996; Doglioni et al., 1999; Bokelmann & Silver, 2000). 

 

 

However, since the “westward” drift has been described (Wegener, 1915; 1924), a conspicuous 

number of scientists (Bostrom, 1971; Conrad & Behn, 2010; Cuffaro & Doglioni, 2007; Cuffaro & 

Jurdy, 2006; Gordon, 1995; Gripp & Gordon, 2002; Knopoff & Leeds, 1972; Le Pichon, 1968; 

O’Connel et al., 1991; Ricard et al., 1991; Rittman, 1942; Torsvik et al., 2010) suggested and analyzed 

some net or global measurements of it and there are also several hypotheses on its origin, such as the 

lithosphere density and viscosity, lateral LVZ heterogeneities, etc. (Riguzzi et al., 2010; Stegman et 

al., 2010; Steinberger, 2000; Scoppola et al., 2006), and driving mechanisms for it (Bostrom, 1971; 

Carcaterra & Doglioni, 2018; Jeffreys, 1975; Jordan, 1974; Knopoff & Leads, 1972; Moore, 1973; 

Ranalli, 2000; Riguzzi et al., 2010; Scoppola et al., 2006; Solomon et al., 1975; Torsvik et al., 2010).  

Furthermore, geological and geophysical evidence would suggest an astronomical polarization of 

plate tectonics, e.g., plate velocities and seismic distribution which tend to decrease towards 

Figure 1.6 - Cartoon illustrating the plates (cars) moving westward along their preferential direction, but having different 
velocities. The differential velocities control the tectonic environment and result from different viscosities of the asthenosphere. There 
is extension when the western plate moves westward faster with respect to the plate to the east, whereas convergence occurs when the 
plate to the east moves westward faster with respect to the plate to the west. When the plate in the middle is subducted, the tectonic 
regime switches to extension, because the car to the west moves faster, e.g., the Basin and Range (from Cuffaro & Doglioni, 2007). 
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geographic poles (De Mets et al., 1990; Engdahl & Villasenor, 2002; Riguzzi et al., 2010; Solomon 

et al., 1975; Sun, 1992; Varga et al., 2012), the fact that transform faults are longer in equatorial areas 

and thermal minimum within the mantle are clustered at equatorial latitudes, suggesting a migration 

of cold and heavy materials towards lower latitudes being this related to the redistribution of masses 

due to the centrifugal force effect (Doglioni & Panza, 2015).   

 

1.2.2 Reference frames 
 

Describing plate kinematics, the reference frame choice is essential. Plates motion can be described 

both in relative or absolute reference frames. Relative plate motions are useful to describe how plates 

sharing a boundary move along the boundary itself. Absolute reference frames are useful to analyze 

movements of the entire lithosphere with respect to the mesosphere. One of the most convenient 

absolute reference frame to study plate kinematics and dynamics is the hotspot reference frame. This 

is based on the assumption that hotspots are fixed with respect to the mesosphere and relative to each 

other (Morgan, 1971; Wilson, 1973). There are several issues related to the hotspot reference frame 

that needs to be addressed every time it is used to compute plates motion relative to the mantle, such 

as whether hotspots are fixed relative to the mantle, fixed relative to each other and their feeding 

depth (Cuffaro & Doglioni, 2007). Since plate boundaries move relative to one another and relative 

to the underlying mantle, any hotspot located on a plate boundary cannot be used for a fixed-hotspot 

reference frame and relevant ones are those located within plates. For example, in an analysis by 

Norton (2000) the only hotspots resulted reasonably well fixed relative to one another during the last 

80 Myr are Pacific hotspots (O’Neill et al., 2005; Steinberger & Torsvik, 2008).  

The lithosphere shows a net “westward” rotation (Bostrom, 1971; Crespi et al., 2006; Gripp & 

Gordon, 2002; O’Connell et al., 1991; Ricard et al., 1991; Torsvik et al., 2010). Geophysical data and 

geological observations of subductions and rift zones, independently, show a global polarity of 

current plate motions, suggesting a “westward” displacement of the whole lithosphere relative to the 

underlying mantle (Doglioni et al., 1999; 2003; Cuffaro & Doglioni, 2007). This drift is not an 

average feature due to the larger weight of the Pacific plate in the global plate motions computation, 

but indeed computed plate motions with respect to a shallow hotspot reference frame (Cuffaro & 

Doglioni, 2007), show a westward displacement of the entire lithosphere and produce faster plate 

motions with respect to the mesosphere. To have an idea, a net rotation of the lithosphere of about 49 

mm/yr (0.44 ± 0.11°/Myr about a pole of 70°E, 56°S) was computed by Gripp and Gordon (2002), 

that would increase to 1.49°/Myr (i.e., about 90 mm/yr, with a pole of rotation located in the southeast 

Indian ocean at about 56°S 136°E) in a shallow-fed hotspots reference frame (Cuffaro & Doglioni, 
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2007). Thus, hotspots can be interpreted as having a deep or a shallow source, which inevitably leads 

to two distinct reference frames: i) a deep hotspot reference frame, in which plates move westward 

but there still are few plates, i.e., Nazca, Cocos and Juan de Fuca, moving eastward with respect to 

the mantle and in which rotation poles al largely scattered (Figure 1.7); ii) a shallow hotspot reference 

frame in which all plates move towards the west, albeit having different velocities, and in which 

rotation poles are mostly located in a narrow area at a mean latitude of 58°S (Figures 1.5 and 1.8c). 

This shallow hotspot reference frame fits better the geological and geophysical asymmetries observed 

worldwide at ridges and subduction zones (which will be addressed in the next sections). This would 

indicate a global tuning (i.e., a complete “westward” rotation of the lithosphere relative to the mantle) 

rather than a simple average of plate motions (i.e., considering the westward drift only a residual 

motion of plates that move both westward and eastward relative to the mantle). 

 

 

Figure 1.7 - Current velocities with respect to the deep hotspot reference frame. Open circles are the rotation poles. Data 
from HS3-NUVEL1A (Gripp & Gordon, 2002). In this reference frame plates move westward but there still are few plates, i.e., 
Nazca, Cocos and Juan de Fuca, moving eastward with respect to the mantle and in which rotation poles al largely scattered 
(from Cuffaro & Doglioni, 2007). 
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Figure 1.8 - Present-day plate motions with respect to the Pacific shallow 
hotspot reference frame. This was computed incorporating the NUVEL1A 
current plate motion model (DeMets et al., 1994) and assuming hotspots source 
(H) at different depths, shallower going from (a) to (b). Note that in (a) plates 
move generally toward the west except for the Nazca plate that moves slowly 
toward the East. In (b) and (c) plates move with faster velocities and they are 
strongly W-directed. Open circles are the Euler poles for plates that in (c) are 
located close to the net rotation pole, suggesting a global and polarized 
westward drift of the lithosphere. In red are tectonic plate boundaries. From 
Doglioni et al., 2015). 
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1.3 Subduction zones 
 

As discussed in the previous section, the possibility of a net rotation of the lithosphere relative to the 

mantle is generally neglected since it depends on the adopted reference system. However, there is 

relevant evidence that terrestrial plate tectonics has a strongly asymmetric character along both 

extensional (Cuffaro & Miglio, 2012) and convergent plate boundaries (Doglioni et al., 2006), which 

could be related to a global asymmetry of the lithosphere-mantle interactions moving along the 

undulated mainstream of plates motion, i.e., the tectonic equator, in Figure 1.5 (Cuffaro & Miglio, 

2012; Doglioni et al., 2006; Doglioni & Panza, 2015 and references therein). 

Subduction, at convergent margins, is a geological process with a key-role in plate tectonics. It is 

considered by some as its main driving mechanism (“slab pull” and “trench suction” models; Conrad 

& Lithgow-Bertelloni, 2002 and references therein). Besides, this process significantly changes the 

mantle thermal and chemical structure and is responsible for most of the seismic energy release on 

Earth (Lallemand & Funiciello, 2009). Subduction zones are the places on Earth where the lithosphere 

(always oceanic, except for collision zones) enters the mantle along ~70-75000 km worldwide. 

Several outstanding issues concerning subduction dynamics currently remain unaddressed (Bellahsen 

et al., 2005; Boutelier & Cruden, 2008; Capitanio et al., 2007; Doglioni, 2008; Doglioni et al., 2006; 

Hager & O’Connell, 1978; Petricca & Carminati, 2016; Rodríguez-González et al., 2014; Schellart, 

2007; Tao & O’Connell, 1992). For instance, it is not understood why most of today’s subducting 

plates interact differently with the mantle, which inevitably results in significant variations in slab 

morphology and dynamics worldwide (Doglioni et al., 2007; Riguzzi et al., 2010). When comparing 

“westward” versus “eastward” (or “northeastward”) directed subduction zones, there are systematic 

differences in their morphology, kinematics of the subduction hinge, gravity anomalies, heat flow, 

subsidence and uplift rates, etc. (Artemieva et al., 2016; Doglioni et al., 2006; Doglioni et al., 2007; 

Doglioni et al., 1999; Harabaglia & Doglioni, 1998). The most remarkable feature that can be inferred 

from geophysical signatures is that W-directed slabs (Figure 1.9) are generally very steep and deep, 

they have a cogenetic backarc basin, low-topography single-verging accretionary prism associated 

with them and a very deep, fast subsiding (>1 mm/yr) foredeep basin or trench, e.g., Marianas 

(Doglioni et al., 1999; Lenci and Doglioni, 2007; Uyeda and Kanamori, 1979). Furthermore, this kind 

of prisms involve young and shallow rocks coming from superficial offscraping of the plates involved 

in the subduction process. In this case the basal décollement of the subducting plate is never connected 

to the surface but is rather folded and swallowed down inside the subduction zone (e.g., Tonga-

Kermadec and Barbados), being thus unable to feed the accretionary prism with rocks coming from 

higher depths. On the other hand, E- or NE-directed slabs (Figure 1.9) are shallower, seismicity 
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generally ends at about 300 km, apart from some deeper clusters close to the upper-lower mantle 

transition (Artemieva et al., 2016; Omori et al., 2004) and are less steep; furthermore, there is no 

typical backarc basin opening but instead they build high-topography double-verging orogens with 

associated two shallower, slow subsiding (<0.1-0.3 mm/yr) trench or foreland basins (Doglioni & 

Panza, 2015).  

 

 

These orogens involve older and deeper rocks because of the deeper décollement planes (e.g., 

American cordilleras, Alps, Zagros, Himalayas), being thus able to involve the basement of the 

subducted plate during the collisional stage (Carminati & Doglioni 2012; Doglioni et al., 1999; 

Uyeda, 1981; Uyeda & Kanamori, 1979). These asymmetries are striking when comparing the 

western Pacific slabs and orogens (low topography and backarc spreading in the upper plate) and the 

eastern Pacific subduction zones (high topography and deep rocks involved in the upper plate), which 

cannot be explained solely by variations in the age-dependent negative buoyancy of the subducting 

lithosphere (Riguzzi et al., 2010; Doglioni & Panza, 2015; Cruciani et al., 2005; Conrad & Lithgow-

Bertelloni, 2002). The same asymmetric features can be recognized worldwide, for instance, 

comparing the W-directed Atlantic subduction zones and the NE-directed Dinarides-Zagros-

Himalayas-Indonesia subduction zones, and it seems rather to be related to the geographic polarity of 

subduction. Moreover, the asymmetry between the two subduction end-members is supported by 

(observable and modeled) different/opposite state of stress within the subducting slabs (Figure 1.9): 

down-dip compression for mostly of the W-directed slabs and down-dip extension for mostly of the 

E- to NE-directed slabs (Bailey et al., 2012; Carminati & Petricca, 2010; Doglioni et al., 2007; 

back-arc basin

- low elevation
- mainly sediments involved
- 1 deep foredeep
- single vergence

- high elevation
- basement involved
- 2 shallow foredeep
- doublevergence

W E-NEorogen

670 km
down-dip compression

down-dip extension

Figure 1.9 – Subduction zones asymmetries. W-directed subduction zones are steeper and deeper with respect to E-to-NE directed 
ones. The décollement layer (dashed red line) is deformed and subducted for W-directed subductions, whereas is shallower for E-to-
NE-directed ones, allowing the involvement of rocks coming from higher depths in the orogen building. Focal mechanisms are 
representative of the state of stress within the subducting slabs. Arrows point to the mantle flow direction. Modified after Doglioni et 
al., 1999.  
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Petricca & Carminati, 2016). Moreover, there is a seismic gap occurring at depth in the range of about 

300-550 km only for the E- to NE-directed slabs (Artemieva et al., 2016; Riguzzi et al., 2010). 

In support of this hypothesis, thus, the geometrical asymmetries and geophysical constraints along 

subduction zones would point to the already mentioned “westerly” polarized drift of plates (Cuffaro 

& Doglioni, 2007), which implies a relative opposed flow of the underlying Earth’s mantle (that is, 

easterly-directed “mantle wind”). This relative motion is presumably allowed by the presence of a 

rheologically weak sub-lithospheric low seismic velocity zone (LVZ) located at about 100-200 km 

depth, where low-degree (~1-2%) melting causes an abrupt drop in the velocity of seismic waves and 

a low viscosity of the asthenosphere (~1017–1019  Pa s) (Jin et al., 1994; Stevenson, 1994; Pollitz et 

al., 1998). The above-mentioned asymmetries (Figure 1.9) have been related by some (Spence et al., 

1987) to the age of the subducting lithosphere. Nonetheless, it has been noticed how the negative 

buoyancy of the slab (if any) alone cannot thoroughly explain all subduction zones feature (Artemieva 

et al., 2016; Brandmayr et al., 2011; Carminati & Petricca, 2010; Cruciani et al., 2005; Doglioni et 

al., 2007; Petricca & Carminati, 2016). Furthermore, there are plates, such as Africa or Eurasia, that 

move without slabs attached in their direction of motions, thus, in these cases both the “slab-pull” 

and “trench suction” models would not be applicable (Doglioni et al., 2015; Doglioni et al., 2007).  

 

1.3.1 The importance of the subduction hinge 
 

Measurable parameters for evaluating subduction zones dynamics are: uplift rate of the fold-and-

thrust belt (or accretionary prism) and depth of the décollement surface at its base (Dahlstrom, 1969; 

1970), structural and morphologic elevation of thrust belts, dip of the foreland regional monocline 

(Lenci & Doglioni, 2007), foredeep subsidence rates, erosion rates, metamorphic evolution, type of 

magmatism. Some other important parameters are age, thickness and composition of the upper and 

lower plates, together with their thermal state and observed gravity and magnetic anomalies, involved 

plates convergence rates, subduction rates (i.e., the velocity with which the subducting lithosphere 

enters the mantle), stress within the upper plate (i.e., the opening or not of a backarc basin), seismicity 

and slab dip (Heuret & Lallemand; 2005; Lallemand et al., 2005; Malinverno, 2012; Malinverno & 

Ryan, 1986; Schellart, 2007; Schellart & Lister, 2004). These features have to be taken into account 

when analyzing subduction zones dynamics since they directly affect its geometry and evolution. 

However, there is still one important element that needs to be considered in subduction zones analysis 

that will have a key-role in the next chapters of this dissertation: the behaviour of the subduction 

hinge. The subduction hinge is the maximum curvature point within the subducting slab and its 

behaviour represents a diagnostic feature for subduction zones that can be distinguished indeed on it 
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basis. For a subduction zone, reference frames with three points should be considered: 𝑈 attached to 

the upper plate, 𝐿 attached to the lower plate and 𝐻 on the transient subduction hinge (Doglioni et al., 

2006). Considering a reference frame in which 𝐿 and 𝐻 move with respect to a fixed 𝑈, subduction 

zones with W-directed slab have generally 𝐻 moving away from 𝑈, whereas subduction zones with 

opposite directed slab have 𝐻 moving towards 𝑈. 𝑉% corresponds to the subduction rate. This velocity 

is defined as the rate at which the subducting lithosphere enters the subduction zone and can be 

calculated with the formula: 

 

             𝑉% = 𝑉) − 𝑉+,                   (1.1) 

 

where 𝑉+ is the velocity of the lower plate and 𝑉) is the velocity of the hinge. In that relation, 𝑉)  and 

𝑉+ are considered positive and negative when the hinge and the lower plate are diverging and 

converging relative to the upper plate respectively. Thus, the subduction hinge can either diverge 

from the upper plate or approach it (e.g., Doglioni et al., 2006; Figure 1.10).  

 

 

 

 

 

 

Figure 1.10 - Kinematic model. The kinematics of H-divergent and H-convergent subduction zones 
is shown. In a reference frame where the upper plate 𝑈 is taken as fixed, the hinge 𝐻 can either move 
towards or away with respect to 𝑈. This kinematics occurs for each subduction zone and is essential 
for the computation of 𝑉% using the formula 𝑉%=	𝑉)-𝑉+ . The kinematics of H-divergent (blue) and H-
convergent (red) subduction zones is shown. In the first case (upper panel) the subduction rate is 
increased by the positive motion of the subduction hinge towards the lower plate. In the second case 
(lower panel), the subduction rate is lowered by the negative motion of the subduction hinge that moves 
towards the upper plate. 𝑉) is the subduction hinge velocity, 𝑉+  is the lower plate velocity, 𝑉- is the 
upper plate velocity, 𝑉% is the subduction rate. 
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Regardless of the reference frame, the subduction hinge behaviour has a determining role in 

increasing or decreasing the subduction rate 𝑉% (see the next chapters for a detailed analysis) that 

wouldn’t have, thus, the same meaning and values of the convergence rate. In fact, for W-directed 

subduction zones there is generally extensional stress within the upper plate and the subduction rate 

corresponds to the sum of the convergence rate with the opening rate of the backarc basin (that can 

be approximated as the motion of the subduction hinge), whereas for E- to NE-directed subduction 

zones there is high compressional stress within the upper plate, leading to mountain building, and the 

subduction rate is lowered by the amount of the upper plate shortening, being the subduction hinge 

motion towards the upper plate. The shortening, in turn, depends on the upper plate viscosity: the 

higher the viscosity, the lower the shortening within the orogen, conversely, the lower the viscosity 

of the upper plate, the higher the orogen shortening. 

 

1.4 Mantle Convection 
 

The occurrence of mantle convection is evident either from plate boundary kinematics and numerical 

modeling. It is obvious that subduction zones are part of the mantle convection, regardless of the slab 

penetration into the lower mantle. In fact, subduction zones and oceanic ridges yet effectively 

contribute to upper mantle circulation.  

The Earth could be considered as an isolated system that is cooling by conduction through the top. It 

is characterized by narrow active downwellings, i.e., subducting slabs, and broad upwellings regions, 

characterized by extension and low wave speed, i.e., ridges (Doglioni & Anderson, 2015). Internal 

heating slows down the reduction in temperature. However, mantle convection dynamics is still under 

debate. Three classical models for mantle convection have been proposed (Turcotte & Schubert, 

1982): i) whole mantle convection, in which the mantle acts as a whole convection system (the 

subducted lithosphere enters the 670 km discontinuity with a complementary mantle upwelling); ii) 

layered mantle convection, in which two separated convective systems operates in the upper and 

lower mantle (the 670 km discontinuity acts as a barrier between the upper and lower mantle, although 

there are evidence of slabs penetrating it); iii) hybrid models, in which the 670 km discontinuity acts 

as a partial barrier, inducing a time-dependence in mantle convection.  

A major challenge has been to evaluate and reconcile the range of observations and constraints 

provided by different scientific disciplines (e.g., chemical geodynamics studies, geophysical 

observations, plate boundaries asymmetries and kinematics, etc.). Earth's heat budget (the balance 

between heat production and heat loss) and geochemical analyses of ocean floor basalts suggest that 

distinct mantle reservoirs have retained their identity for 2 billion years or more (Condie, 2016; 
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Korenaga, 2008; Turcotte & Schubert, 1982). One reservoir boundary is typically placed at 670 km 

depth, i.e., between the upper and lower mantle. Seismic imaging and computational geodynamics 

indicate, however, that this interface is not an effective barrier to mantle flow and suggest that 

convective circulation occurs at a larger scale (Kárason & van der Hilst, 2000). Although many 

models have been proposed so far, mantle kinematics and its internal dynamics are far to be fully 

understood. Thus, some of the still prominent questions are: in how many layers of the Earth mantle 

convection actively occur? What are the paths of mantle particles? It can be considered as chaotic or 

polarized? And lastly, the most important to this dissertation purposes is: what is its relationship with 

plate motions and subduction zones?  

Mantle convection does not need a decoupling at the lithosphere base. Depending on the assumption 

behind its mechanisms (such as mantle drag), it is rather more effective if the lithosphere is fully 

coupled to the mantle. However, from the Pacific hot-spots we have kinematic evidence that the 

lithosphere is decoupled relative to the mantle in the LVZ. From these considerations, mantle 

convection appears driven from the top rather than from the deep mantle (e.g., mantle plume model 

by Wilson, 1963). This means that plate motions, in a way, is responsible for driving mantle 

convection (e.g., Anderson, 2001). Therefore, the shearing of the lithosphere and its penetration into 

the mantle should trigger internal motion. Thus, the question is: what is determining the shearing? 

The usual answer is the negative buoyancy of slabs, which are pulling plates, i.e., the slab pull (e.g., 

Royden, 1993), but we have already mentioned how evidence casts doubt on this feature as the “one 

and only” guiding mechanism for geodynamic processes. 

 

1.5 State of the art of modeling approaches, geophysical 

data and geodynamic model 
 

During the past decades, several authors (e.g., Tackley et al., 1993; Tackley, 2000; Gerya et al., 2008; 

Steinberger et al., 2012; Becker, 2017; Colli et al., 2018, etc.) examined the interplay between plate 

tectonics and mantle convection using 2d and 3d numerical models in spherical or rectangular 

geometries. Efforts were made in the understanding of mantle i) temperature distribution, e.g., Bunge 

et al. (2001) in which, assuming the mantle as compressible and heated purely from within, isoviscous 

reference calculations were obtained (Figure 1.11). When dealing with mantle convection it is 

important to introduce the concepts of adiabaticity, superadiabaticity and subadiabaticity. The first 

one points to processes that occur without any heat gain or loss; the second one is a condition which 

imply a tendency to rise of the hotter material, which is likely less dense; the third one is the tendency 
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to sink of the hotter and denser material within the mantle. In literature superadiabaticity is 

concentrated into narrow thermal boundary layers, whereas the geotherm is subadiabatic for the 

intervening region; ii) phase transitions representative of internally heated whole-mantle models 

(Figure 1.12), e.g., Tackley et al. (1993), Honda et al. (1993) and references therein, in which the 

influence of the main discontinuities (~410 km and ~670 km) within the interior of the Earth were 

tested; iii) composition and rheology, e.g., Barry et al. (2017) or Rolf et al. (2017), in which the 

authors investigated rheological controls on evolution of surface tectonics, mantle structure and 

dynamics using the tectonic patterns to infer the Earth’s mantle viscosity structure (Figure 1.13); iv) 

dynamics and mixing properties, e.g., Coltice and Schmalzl (2006), van Keken and Zhong (1999), or 

Ballmer et al. (2017), in which the authors systematically vary density and viscosity, pointing that 

the difference in mantle-mixing efficiency between observed regimes highlights the role of 

compositional rheology (Figure 1.14). 

 

 

 

 

 

 

Figure 1.11 – Temperature distribution within the mantle. 
a) internally heated reference case,  with non-adiabatic 
temperatures and isoviscous. Blue is cold and red is hot. The 
authors removed the top 100 km of the mantle. b) Same as (a) 
with increased lower mantle viscosity. c/d) same as (a/b) with 
the addition of 50% core heating. (e)-(h) Corresponding non-
adiabatic geotherms (from Bunge et al., 2001).  



 

 33 

 

 

 

 

 

 

 

 

Figure 1.12 – Studies on phase transitions. In 
(Tackley, 1993) a and b are the final frame of the 
simulation including phase change, whereas models 
in c and d are case with no phase change (from 
Tackley et al., 1993). 

Figure 1.13 – Models about mantle composition. In this figure equatorial cross-sections and 
Mollweide projections at different time are shown. In cross-sections, the low viscosity 
asthenosphere is in dark-blue patches. In the Mollweide projections, black arrows denote surface 
velocities. Cratons are contoured by black lines (from Rolf et al., 2017). 
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Several mantle convection models are computed considering the mantle as a homogeneous medium 

(i.e., having the same composition throughout the entire model), whereas mantle convection is often 

guided by thermal, i.e., density, (Capitanio et al., 2010; Crameri et al., 2012; Stegman et al., 2010) 

differences (Figure 1.15). However, the mantle presents in nature lateral heterogeneities and vertical 

chemical stratifications (e.g., Anderson, 2006; Doglioni & Anderson, 2015; Frost et al., 2018; 

Lebedev & van der Hilst, 2008; Ritsema, 2005) shown by tomographic models, that should be, thus, 

representative also for chemical heterogeneities and not just for cold and hot volumes of mantle 

material (Anderson, 2006; Foulger et al.,2013; Tackley, 2000; Thybo, 2006; Trampert et al., 2004; 

Figures 1.16-1.17). 

 

 

 

 

 

 

Figure 1.14 - Predicted evolution of the mantle for two regimes of mixing. Models a–f show 
efficient mixing and persistence of large-scale heterogeneity, respectively (model time as annotated). 
b, c, f are snapshots of composition with isotherms. The authors observed two regimes in their 
numerical experiments: 1) in which materials are readily mixed and the mantle becomes largely 
homogenized over timescales shorter than the age of the Earth; 2) in which intrinsically strong SiO2-
enriched material can avoid significant entrainment and mixing for model times greater than the age 
of the Earth (from Ballmer et al., 2017) 
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Figure 1.15 – Subduction zones in numerical models. Panel 1: Evolution of subduction subducting slab showing second invariant 
of the strain rate during (a) slab–tip interaction with the lower mantle, (b) recumbent fold slab geometry denoting the switch from 
advancing to retreating trench motion with backwards-draping slab (modified after Stegman et al., 2010). Panel 2: Three-dimensional 
single-sided subduction in a spherical geometry in 3-D spherical mantle convection. Temperature (a-c) and viscosity isosurfaces (d-f) 
are plotted (modified after Crameri et al., 2012). Panel 3: Viscosity, strain rates and velocity distribution subduction zones having fixed 
upper plate (A, D), free upper plate (B,E) and fixed subducting plate (C, F). The white area in A and C is where the imposed velocity 
is zero (modified after Capitanio et al., 2010). 
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Figure 1.16 – Tomography of the bottom of the upper mantle. Maps of shear velocity 
heterogeneity according to model S20RTS at 600 km depth. In regions colored red (blue) 
the shear velocity is lower (higher) than the average shear velocity at that depth. Triangles 
represents hotspots location catalogue by Sleep (1990). Approximate positions of plate 
boundaries are shown with white lines (modified after Ritsema, 2005). 

Figure 1.17 – Tomography of the bottom of the upper mantle. Cross-sections through the tomographic model at 585 km depth. 
Approximate plate boundaries are the green lines. The reference shear-wave velocity value is 5.34 km/s (modified after Lebedev & van 
der Hilst, 2008). 
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Moreover, processes which represents the interplay between plate tectonics (i.e., subduction zones) 

and mantle convection were thoroughly analyzed by a great number of authors, which didn’t include 

any mantle polarization but reflects the classic mantle convection models described above. For 

instance some plate tectonics features and origin hypotheses were explored by Gerya et al. (2015) 

and Gerya et al. (2008), in which the authors investigated about the cause of one-sided subduction 

demonstrating that they require a weak hydrated slab interface and high slab strength (Figure 1.18), 

whereas plate tectonic-mantle interactions were largely modeled by a number of authors, e.g., Conrad 

& Behn (2010), Gurnis (1988), Bonnardot et al. (2008), Crameri et al. (2012), Rolf et al. (2012), 

Yoshida & Santosh (2014), Yoshida (2013), Phillips and Bunge (2005), in which the authors explored 

continental motions in 3d spherical convection models, focusing on the influence of continent size, 

mantle heating mode and an increase in lower mantle viscosity (Figure 1.19).  

 

Figure 1.18 – Models investigating some subduction typical features. Results of numerical experiments showing typical dynamics 
of self-sustaining one-sided subduction development. Solid triangle shows trench position (from Gerya et al., 2008). 
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Anderson (2001) proposed a top-driven plate tectonic model, in which the Earth’s internal heat allows 

convection within the mantle. At the base of this model, integrated by Doglioni & Anderson (2015), 

are the following seminal concepts, some of which have been already mentioned in the sections 

above: i) the low viscosity of the LVZ decoupling layer, at the lithosphere base; ii) the 

superadiabaticity of the LVZ (Anderson, 2013), in which the potential temperature (TP) is higher and 

local fluids and melts occur (Crépisson et al., 2014; Green et al., 2010; Naif et al., 2013; Panza, 1980); 

iii) the subadiabaticity of parts of the mantle below the LVZ down to the CMB (e.g., Anderson, 2013; 

Moore, 2008); iv) geophysical and geological asymmetries at worldwide plate margins; v) a volcanic 

source within the shallow mantle (i.e., within the LVZ) for volcanic chains, instead of a source within 

the deeper mantle (e.g., Anderson, 2011; Presnall & Gudfinnsson, 2011); vi) intraplate basalts comes 

Figure 1.19 – Plate tectonics-mantle interactions. Temperature field snapshots for cases with 
bottom or internal heating and uniform or layered viscosity. Temperatures run from hot (red) to 
cold (blue) expressed in Kelvin. The inner and outer spherical boundaries correspond to the core–
mantle boundary (CMB) and 90 km depth, respectively. Cases lA–4A correspond to convection 
calculations without continents. Models lB–4B show cases with a supercontinent covering 30% of 
the surface (gray cap) (from Phillips & Bunge, 2005). 
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from the LVZ upper part and MORB from the transition zone (Anderson & Sammis, 1970; Ligi et 

al., 2005); vii) the shallow hotspot reference frame which supports a faster and globally “westward” 

directed motion of the lithosphere with respect to the mantle (Crespi et al., 2007; Cuffaro & Doglioni, 

2007).  

In this system, secular cooling, lateral temperature gradients and the motion of the LID can be driving 

features for mantle convection, in which narrow active downwellings (i.e., slabs) have to be 

compensated by broad passive upwelling (i.e., subadiabatic upper mantle material). Being the 

negative buoyancy of slabs alone (Anderson, 2001) or the influence of the Earth’s rotation and its lag 

due to tidal friction and thermal cooling (Carcaterra & Doglioni, 2018; Riguzzi et al., 2010; Varga et 

al., 2012) the main driving force for plate motions, the “westward” drift of plates may regulate 

convection and its polarization leading to a shearing from the top (Figure 1.20). 

 

 

There are, however, a number of authors who explored the interaction between the polarized mantle 

described in this system and the subducting lithosphere with simplified approaches, e.g., analytical 

methods (Hager & O’Connell, 1978), mechanical-physical methods (Boutelier & Cruden, 2008), 

mechanical (Petricca & Carminati, 2016) and thermomechanical models by Rodríguez-González et 

al. (2014), in which the authors investigate the influence of a mantle flow relative to the lithosphere 

on subduction dynamics testing different mantle flow velocities, as well as different directions of 

RIDGE 

Figure 1.20 – Mantle convection driven from the top (after Doglioni & Anderson, 2015). Counterclockwise convection (red and 
blue arrows) leads to lateral variations in the mantle potential temperature. The host mantle along subduction zones is cooler than 
elsewhere. The thermal buffer exerted by the cold lithosphere, the radiogenic decay and the shear heating in the LVZ point to a 
superadiabatic upper asthenosphere and a subadiabatic lower upper mantle. In this model, mantle convection is polarized by the 
“westward” drift of the lithosphere (white arrow into the lithosphere) and the relative “easterly” directed compensating mantle (red 
and blue arrows), balancing slab loss along W-directed subduction zones. The intrinsically buoyant harzburgite component of slabs 
contributes to the upward return flow. westward drift of the lithosphere. Subduction of the cold slab with its components (eclogite 
and harzburgite) are the blue and white arrows. 

TOP-DRIVEN MANTLE CONVECTION 
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flow, either sustaining or opposing slab dip, evaluating the effects of different inflow/outflow velocity 

profiles, slab strengths and upper–lower mantle viscosity contrasts (Figure 1.21). 

 

 

Nevertheless, in literature there is a lack of numerical models including togheter three of the main 

important geodynamical and geophysical constraints: i) the horizontal mantle flow which interacts 

with tectonic plates; ii) the subduction hinge motion, that allows the correct estimation of the effective 

velocity with which subducting plates enter the mantle; iii) the LVZ decoupling layer between the 

lithosphere and the mantle, which allows their relative motion; iv) the global “westward” drift of the 

lithosphere as a constrain for global subduction dynamics. 

The starting point for this research work was, thus, the system described by Doglioni and Anderson 

(2015) with particular interest in including its kinematics, geophysical and geodynamical constraints 

in numerical models. 

 

 

 

 

 

 

 

 

Figure 1.21 - Models testing the influence of a horizontal mantle flow. In these models the 
overriding plate is 60 Ma and the subducting plate is 50 Ma. Here different mantle flow velocities 
were tested: (a) imposed horizontal upper mantle flow (IHMF) opposite to subduction direction, 
(b) without IHMF; (c) IHMF in the same direction as subduction (modified after Rodríguez-
González et al., 2014)  
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Chapter 2 
 

Horizontal mantle flow controls subduction 

dynamics 
 

As already mentioned in Chapter 1, it is generally accepted that subduction is driven by downgoing-

plate negative buoyancy. Yet plate age –the main control on buoyancy– exhibits little correlation with 

most of the present-day subduction velocities and slab dips (Cruciani et al., 2005; Doglioni, 2007). 

W-directed subduction zones are on average steeper (~65°) than E-directed (~27°) (Doglioni et al., 

2015; Riguzzi et al., 2010). Also, a “W”-directed net rotation of the lithosphere relative to the mantle 

has been detected in the hotspot reference frame. Thus, the existence of an “E”-directed horizontal 

mantle wind could explain this subduction asymmetry, favouring steepening or lifting of slab dip 

angles. In this Chapter, we test this hypothesis using high-resolution two-dimensional numerical 

thermomechanical models of a subducting oceanic plate interacting with a mantle flow. Results show 

that when subduction polarity is opposite to that of the mantle flow, the descending slab dips 

subvertically and the hinge retreats, thus leading to the development of a backarc basin. In contrast, 

concordance between mantle flow and subduction polarity results in shallow dipping subduction, 

hinge advance and pronounced topography of the overriding plate, regardless of their age-dependent 

negative buoyancy. These results are consistent with seismicity data and tomographic images of 

subduction zones. Thus, these models may explain why subduction asymmetry is a common feature 

of convergent margins on Earth. 

 

2.1 Introduction 
 

The potential influence of westward lithospheric drift (or relative eastward mantle wind) on the 

subduction zones asymmetry (Figure 2.1) has been already explored in the past decades on the basis 

of simplified approaches. For instance, an analytical model (Hager & O’Connell, 1978) has been 

proposed to stress the importance of a background mantle flow in influencing slabs geometry. 
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This model suggests that the dip angle of subducted slabs are strongly controlled by a large-scale 

flow imposed within the mantle by tectonic plates moving in their observed geometry and, more 

importantly, the slabs are orientated as if they were responding passively to the flow driven by the 

surface motion of the plates. Moreover, this model shows how important the decoupling role of a 

Low Viscosity Layer (LVZ) between lithosphere and mantle would be. In fact, the match between 

the direction of mantle flow and the direction of the subducted slab, given by the trend in earthquakes 

hypocentres, is good for most of the subduction zones and is usually improved by the inclusion of 

this decoupling level (Hager & O’Connell, 1978).  More recently, a purely mechanical physical model 

(Boutelier & Cruden, 2008) has been used to investigate the influence of a regional convective (i.e., 

combined horizontal and vertical) mantle flow on the geometry of subducted slabs and the 

deformation regime of the overriding plates. It has been demonstrated that an imposed circulation of 

a simplified Newtonian asthenospheric mantle with rates of 1–10 cm/yr in the direction of subduction 

can cause the flattening of slab angles from vertical to ∼60o. These modeling results have been applied 

to explain geophysical observations in some regional subduction settings (NE-Japan, Central 

America). Further numerical thermomechanical models (Rodriguez-Gonzalez et al., 2014) have been 

used to understand how much of the slab-dip variability found in nature can be attributed to the 

interaction between the slab and a background mantle flow. The number of salient features of mantle-

Figure 2.1 - Slab dip of the main subduction zones of the world measured 
parallel to the convergence direction among upper and lower plates. Subduction 
directions appear concentrated into two main trends, i.e., W-ward and E-ward or N-
NE-ward. W-directed subduction zones are steeper than E- or NE-ward directed 
subduction zones. Modified after Riguzzi et al., (2010) and Sottili et al. (2015). 
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lithosphere interaction that these models do succeed in reproducing provides useful insights. 

However, these thermomechanical numerical models did not employ realistic free upper surface 

condition, which is crucial for subduction zones asymmetry (Crameri et al., 2012), and used highly 

simplified rheology of the mantle that is in conflict with available geochemical, experimental and 

theoretical data (Ranalli, 1995; Afonso et al., 2007; van Keken et al., 2011). Hence, the validation of 

the mantle wind hypothesis, through a realistic state of the art numerical thermomechanical model, 

stands as a challenge that motivated the work done in this Chapter. 

Here, we explore and integrate the effects of a priori defined mantle flow on the subduction zone 

morphology and slab dynamics, improving the modeling by means of self-consistent two-

dimensional rheologically realistic thermomechanical numerical experiments with a free surface. In 

these experiments an oceanic plate sinks beneath a continental plate under the control of non-

Newtonian temperature-, pressure- and strain rate-dependent viscous-plastic rheologies (with 

viscosity magnitude ranging from 1018 and 1025 – Table 2.1) in a fully thermodynamically coupled 

model accounting for mineralogical phase changes (Gerya & Yuen, 2003). A troughgoing 

(Rodríguez-González et al., 2014) purely horizontal (0-3 cm/yr) asthenospheric mantle flow (i.e., not 

related to any regional mantle circulation (Boutelier & Cruden, 2008) is imposed at both lateral 

boundaries in the same or opposite direction with respect to pre-defined rightward subduction 

polarity. We also tested the potential influence of the LVZ decoupling level (with a constant viscosity 

value of 1018 Pa s) on mantle-lithosphere interactions. 

 

2.2 Numerical Modeling 
 

The numerical experiments were carried out with the code I2VIS (Gerya & Yuen, 2003). This code 

is based on a combination of the finite-difference method with a marker-in-cell technique. In the 

I2VIS code, the conservative finite-difference schemes are designed over a non-uniformly spaced 

fully staggered Eulerian grid. The initial set-up is shown in Figures 2.2 and 2.3. The momentum, 

continuity and energy equations are solved in the Eulerian frame and physical properties are advected 

by Lagrangian markers according to a computed velocity field using a fourth-order in space, first 

order in time explicit Runge-Kutta scheme. The material properties are interpolated from the markers 

to the grid by using a distance-dependent averaging. Full details on this method, allowing for its 

reproduction, are provided elsewhere (Gerya & Yuen, 2003; Gerya, 2010). We use non-Newtonian 

viscous-plastic rheologies (Table 2.1) in a model that is fully thermodynamically coupled and 

accounts for mineralogical phase changes (Faccenda & Dal Zilio, 2017), as well as for adiabatic, 

radiogenic and frictional internal heating sources. The viscous-ductile rheological term accounts for 
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power-law and diffusion creep as well as for Peierls creep at depth. The free surface upper boundary 

is simulated using the "sticky air" technique (Gerya & Yuen, 2007), enhanced by the high-density 

marker distribution in the near-surface. For all models presented in this Chapter, periodic boundary 

conditions have been implemented on the left and right boundaries following the same approach as 

in previous numerical experiments (Dal Zilio et al., 2017), and free slip condition is applied at the top 

and the bottom of the computational domain. A low viscosity zone between a 100 and 200 km depth 

and an imposed throughgoing asthenospheric mantle flow of -3 to +3 cm/yr are implemented in the 

models. The occurrence of any vertical component of the mantle flow has been neglected due to the 

assumption of a prevalent horizontal component related to the "eastward" mantle flow. The viscosity 

of this weak layer and the mantle flow velocities applied are listed in Tables 2.1, 2.2 and A.1. Full 

details on the method, allowing its reproduction, are provided below and in Gerya and Yuen (2003). 

This algorithm has been thoroughly tested in two dimensions and used for lithospheric deformation 

experiments in a number of previous studies. All data used in this Chapter can be accessed from the 

sources provided in the reference list, below and in Appendix A. 
 

2.2.1 Governing equations 
 
The I2VIS code solves for the conservation of mass, momentum and energy. Conservation of mass 

is approximated by the incompressible continuity equation: 

 

      ./0
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+	./3

.4
= 0;                                     (2.1) 

 

where 𝑥 and 𝑦 denote horizontal and vertical Cartesian coordinates. The momentum equations are 

presented in the form of the Stokes flow approximation: 
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where 𝜎?AB  are the components of the viscous deviatoric stress tensor, 𝜌 is the density dependent on 

rock composition, temperature and pressure, and gy is the acceleration due to gravity. The components 

of the deviatoric stress tensor (𝜎?AB ) are calculated using the incompressible viscous constitutive 

relationship between stress and strain rate (𝜀), as follows: 

 

      𝜎?AB = 2𝜂𝜀?A ;                                                 (2.4) 

 

      𝜀?A =
E
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	.                            (2.5) 

 

The conservation of energy equation describes the temperature changes in a continuum due to internal 

heat generation/consumption and advective/conductive heat transport: 

 

   𝜌𝑐$_JKK	
.L
.M
+ 𝑣	𝑔𝑟𝑎𝑑 𝑇 = 	− .S0

.1
− .S3

.4
+ 𝐻T + 𝐻U	+	𝐻V,            (2.6) 

 

where 𝑞1 and 𝑞4 are heat flux components;	𝑘 = 𝑓(𝑃, 𝑇, 𝐶) is the thermal conductivity which depends 

on the pressure-temperature conditions and composition. 𝐻T, 	𝐻U and 𝐻V are, respectively, 

radioactive, adiabatic and shear heat production. Radioactive heat production depends on the rock 

type and it is assumed to be constant through time. The adiabatic heat production/consumption is 

related to pressure changes (compression-decompression): 

 

     𝐻U = 𝑇𝛼JKK 𝑣1
.$
.1
+ 𝑣4

.$

.4
	.              (2.7) 

 

The shear heat production is given by the dissipation of mechanical energy during viscous 

deformation and depends on the deviatoric stress and deviatoric strain rate: 

 

    𝐻V = 	𝜎′11𝜀B11 	+	𝜎′44𝜀B44 	+	2𝜎′14𝜀B14	.                        (2.8) 

 

The effect of latent heating related to the phase transformations of the rocks is included implicitly by 

calculating the effective heat capacity (𝑐$_JKK) and the effective thermal expansion (𝛼JKK) through 
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thermodynamic relations (Gerya, 2010). Phase transitions are parameterized as a function of 

thermodynamic state variables (P, T, V) and composition by using polynomials to interpolate the 

reaction boundary (Faccenda & Dal Zilio, 2017). For instance, the olivine polymorphic 

transformations and the post-spinel reaction are parameterized with the linear P–T relationship: 

 

     𝑃 = 𝑃b 	
.$
.L
𝛥𝑇 = 𝑃b + 𝛾𝛥𝑇 ;                                                       (2.9) 

 

where 𝛾 is the Clapeyron slope of the reaction, 𝑃b is the pressure at reference temperature (𝑇b) and 

𝛥𝑇 = 𝑇 − 𝑇b. 

The visco-plastic behaviour is implemented via evaluation of the effective viscosity of the material. 

The viscous properties are computed by taking into account the contribution of different creep 

mechanisms such as diffusion, dislocation and Peierls creep, as: 

 

     E
efgg
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ekf;flji

	,                        (2.10) 

  

where 𝜂G?KK, 𝜂G?Vm and 𝜂nJ?JTmV are calculated from flow laws (Ranalli, 1995). The strength of the 

material is limited by: 

 

      𝜂JKK =
:3;fjh
Fopp

 ,                      (2.11) 

 

where the yield stress is described at shallow depths by the Drucker-Prager yield criterion: 

 

     𝜎4?JmG = 𝑐𝑜𝑠𝜙𝐶 + 	𝑠𝑖𝑛𝜙	𝑃 1 − 𝜆Kmx?G 	.           (2.12) 

 

Here, 𝜙 is the internal friction angle, 𝐶 is the cohesion, and 𝜆Kmx?G	is the assumed pore fluid pressure 

factor. 

 

2.2.2 Model setup 
 
The initial setup for our models is shown in Figures 2.2-2.3, while the rheological (Ranalli, 1995) and 

thermal (Clauser & Huenges, 1995) parameters used in the numerical experiments are shown in Table 

2.1. The computational domain size is 4000 x 1400 km and is discretized with 1361 x 351 Eulerian 
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nodes, with more than 12 million randomly distributed Lagrangian particles. This allowed a minimum 

grid resolution of 1 km in the area subject to largest deformation. Elsewhere, the resolution increases 

gradually from 1 km up to 5 km. Vertical resolution is 1 km for the first 100 km and then increases 

with depth to a maximum of 5 km. Two 1700-km-long continental plates were separated by a 700-

km-long oceanic plate. Both continental plates and an oceanic are composed of an upper crust, lower 

crust and lithospheric mantle. The initial continental geotherm was set using values of 0 °C (273 K) 

at the top and 1344 °C (1617 K) at the bottom of the lithosphere (100-km-thick). The thermal structure 

of the initial plate set-up is computed according to the half-space cooling model (Turcotte & Schubert, 

2014) for a given age between 20 and 150 Ma. The thermal gradient used within the mantle was 

quasi-adiabatic (0.5 K/km). To ensure an efficient heat transfer from the surface of the crust, the 

temperature of the "sticky air" is kept constant at 0 °C. Gravitational acceleration of gy = 9.81 m/s 

was used in the model. Subduction starts as the result of the imposed rightward convergence rate of 

5 cm/yr imposed for the first 6 Ma on the left plate. The subduction is localised along a prescribed 

inclined rheologically weak (hydrated) intra-plate zone characterized by low plastic strength of 1 

MPa (Faccenda & Dal Zilio, 2017) (Figure 2.2). The subducting plate is also decoupled from the left 

model boundary by a low viscosity zone. We also impose low plastic strength for the fluid-saturated 

subducting basaltic crust (see Table 2.1) acting as a lubricating layer (Faccenda et al., 2009; Gerya et 

al., 2008). This ensures that the induced one-sided subduction can continue spontaneously after 6 

Myr period of initial plate convergence. A low viscosity layer (1018 Pa s) between 100-200 km depth 

has been included in some numerical experiments (see Table 2.1) in order to test the role of a weak 

and partially melted asthenosphere, as suggested in Doglioni et al. (2011). Finally, as the main 

additional ingredient of our models, we impose a throughgoing horizontal asthenospheric mantle flow 

(see Boundary conditions section).  

During numerical experiments, a suite of parameters have been tested to investigate how they affect 

the dynamic of the model itself. In particular, we considered the activation volume, the coefficient of 

thermal expansion, the age of the subducting lithosphere, the direction and velocity of the horizontal 

mantle flow (Tables 2.1, 2.2 and A.1). We chose to observe the behaviour of the models changing 

these parameters to see how variations in effective viscosity and in density, with temperature and 

depth, influence subduction dynamics (Tables 2.2 and A.1), in the set of conditions of a mantle flow 

acting as a push or as a sustain for a subducting slab, including the effect of a décollement level. 

Furthermore, also the age of the subducting oceanic plate was taken into account: in fact, we wanted 

to numerically and physically demonstrate that the horizontal mantle flow has a sufficient strength to 

generate a steep dip angle also in slabs that are made of young (and therefore hot) oceanic lithosphere. 

This latter represents a further evidence that the dynamics of a subducting slab and, more generally, 



 

 48 

of plate tectonics is far from being completely known, not being the slab pull force (if any) alone a 

full explanation for these mechanisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2 - Model setup. The top panel shows the initial composition of the entire domain (see the bottom 
panel for correspondence with materials). The black arrow within the lithosphere shows the convergence 
direction of the lower subducting plate. Plate convergence rate of 5 cm yr-1 is applied at 1000 km for 6 Myr 
to initialize the subduction process. The dashed line points to the 670 km discontinuity. The middle panel 
shows the initial temperature of the domain. In the bottom panel isotherms are the white lines. The light blue 
line in the lower panel (between the oceanic, lower plate and the upper continental right plate) is the weak 
zone. Color code for different materials is shown at the bottom of the figure. 
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2.2.3 Boundary conditions 
 
For all models presented in this Chapter, the boundary conditions are set to be periodic on the left 

and right boundaries, while a free slip condition is applied at the top and the bottom of the 

computational domain. A free slip condition requires that the normal velocity component on the 

boundary is set to zero whereas the tangential component do not change across the boundary. This 

condition also implies zero shear strain rates and stresses along the boundary. The free slip condition 

at the top and bottom boundaries is then defined as follows: 

 
      𝑣4 = 0;                (2.13)     

           

      ./1
G4

= 0 .                           (2.14) 

 

Additionally, a 10–km–thick layer of “sticky air” (𝜌U?T = 1 kg/m3, 𝜂U?T = 1018 Pa s) was employed to 

mimic the effect of a free surface and the development of topography (Crameri et al., 2012). To 

simulate a polarized troughgoing asthenospheric mantle flow, periodic boundary conditions are set 

on the left and right boundaries by discretizing the fundamental equations across the boundaries and 

by prescribing the horizontal velocity (𝑣1) and the temperature (𝑇) unknowns on both sides of each 

boundary as identical. From a physical point of view, this implies that these two boundaries are open 

and that flow leaving the model through one boundary immediately re-enters through the opposite 

side. This condition is often used in mantle convection modeling to simulate part of a cylindrical shell 

domain, or mimic it, in Cartesian coordinates (Dal Zilio et al., 2017), and is formulated as follows: 

 

      𝑣1(yzE) = 	𝑣1(E)	;             (2.15) 

Table 2.1 – Rheological (Ranalli, 1995) and thermal (Clauser & Huenges, 1995) parameters of materials used for the 
experiments. 
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      𝑇(yzE) = 	𝑇(E)	 ,             (2.16) 

 

where 𝑁 is the number of nodes. Periodic boundary conditions at the right boundary was combined 

with prescribed horizontal velocity at the left boundary: zero horizontal velocity was prescribed for 

the lithosphere, whereas constant inflow/outflow horizontal velocity condition was applied for the 

entire asthenosphere (Figure 2.3). To evaluate the role of mantle flow velocity we conducted 

numerical experiments with mantle wind rates covering the full spectrum from -3 to +3 cm/yr (Table 

2.2). 

Figure 2.3 - Schematic model setup used for standard 2D experiments in Cartesian geometry and mechanical boundary 
conditions. The black arrow within the lithosphere shows the convergence direction of the lower subducting plate. Plate convergence 
rate of 5 cm yr-1 is applied at 1000 km for 6 Myr to initialize the subduction process. In grey the lithosphere, in orange the LVZ, the 
dashed line is the 670 km discontinuity. Free slip boundary conditions are applied to the top and bottom of the numerical domain, 
whereas periodic boundary conditions are applied to the right and left side of it. 

 

2.3 Results 
 

The use of mantle wind, in conjunction with a weak asthenospheric layer, produce sustained 

asymmetric subduction for most of models run in this study (see also Appendix A Figures A.1–A.6 

and Appendix A Table A.1). The temporal evolution of two end-member models, one with discordant 

mantle flow and one with concordant mantle flow with respect to the subduction polarity, validate 

the defining features of the evolution of all models. In the following sections we describe our end-

member models, divided by direction of the mantle flow with respect to the subduction polarity 

(Figure 2.4). 
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2.3.1 Models with discordant mantle flow and subduction polarity 
 

Results from a model simulating an “eastward” mantle flow imposed against a “westward” directed 

subduction (Figure 2.4a) show a sub-vertical slab. Subduction initiates via slip along the interplate 

weak zone (see Figures 2.2 and 2.3 for further details on the model setup). As some of the initial plate 

boundary interface material gets subducted, it is replenished by material from the upper layer of the 

subducting plate, and the hinge begins to retreat. Before the slab tip flattens in the transition zone, the 

slab is pushed backwards and downwards by the flow. The hinge continues to retreat, allowing the 

spontaneous formation of backarc extension at a distinct location with respect to the trench, and 

causing an uplift of the asthenospheric mantle. The subduction hinge moves away from the upper 

plate and subduction rates are faster than the convergence rates (Doglioni et al., 2007), leading to a 

faster recycling of the lithosphere into the mantle (Doglioni & Anderson, 2015). Hinge retreat 

correlates with the intensity of the mantle wind, regardless of subducting plate strength or age-

dependent density. Age variations of the subducting oceanic plate have indeed negligible effects on 

subduction dynamics (Appendix A Table A.1), thus suggesting that mantle wind intensity is a more 

critical subduction parameter compared to the slab age. 

During incipient collision, a large volume of weak crustal material is interposed between the plates. 

The negative pressure gradient caused by mantle flow and dense retreating slab favor sucking of the 

mantle into the accretionary prism. As collision proceeds, the rheologically weak part of the crust is 

scraped off from the retreating lithosphere by the mantle wedge above the subducting slab that acts 

as a backstop moving in the opposite direction to convergence. 

 

2.3.2 Models with concordant mantle flow and subduction polarity 

 
Numerical results from the model simulating an “eastward” mantle flow interacting with an 

“eastward” directed subduction are strikingly different (Figure 2.4b); the “eastward” mantle flow 

holds the subducting slab up, thus resulting in a less steep dip angle and a shallower depth of the slab 

itself. In this case the subduction hinge is moving toward the upper plate, which is set under 

compression, and the subduction rates are slower than the convergence rates (Doglioni et al., 2007). 

The strong correlation between topography and slab dip angle with corresponding variations in 

mantle flow direction suggests a strong relationship with the underlying subduction dynamics. This 

should be the reason why this kind of subductions is correlated with the highest mountain ranges (i.e., 

the Andes, the Cascade Range, the Alps etc.). It is worth noting that the shallow subduction also 
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produces slower recycling of the oceanic lithosphere into the mantle (Doglioni & Anderson, 2015). 

As in the previous model, the age of the subducting plate has subordinate effects on subduction 

dynamics: low dip angle can be reached either by younger and older oceanic plates, despite having 

different values of activation volume and isobaric thermal expansion (Table 2.2). The persistence of 

a mantle flow is therefore crucial to determine the dip angle of the slab and the state of stress within 

the upper plate. At the onset of collision, the buoyancy of the continental crust slows down the 

convergence rate. As collision continues, crustal material is accreted at the margin, raising the 

topography and thus building up the compressional stresses within the upper plate. The final structure 

is that of a narrow and thick collisional zone delimitated by a shallow-dipping slab and characterized 

by diffuse deformation. 

These results thus suggest that when these heterogeneities (that are, concordant mantle wind and a 

weak asthenospheric layer) are combined in a single model, the dynamics of the subducting plate and 

the topography evolution of the overriding plate can all be reconciled.  

Figure 2.4 – Results. Panel (a) shows a W-directed slab. All numerical models present pre-defined 
rightward subduction polarity; therefore this model was mirrored for better comparison with nature. In 
panel (b) a slab along E or NE-subduction zone is designed. In each model a horizontal mantle flow is 
imposed, having concordant or opposite direction with respect to the subduction polarity. The difference in 
dip of the slab is striking: the “westerly” dipping slab is steeper and deeper, whereas “easterly or 
northeasterly” dipping slab is shallower and less steep. The difference is also remarkable comparing 
backarc spreading or not: in fact this latter only occurs in “westwardly” directed slab model (a). See Figure 
2.2 for the color legend 
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Results demonstrate that symmetric changes in the mantle wind direction have an impact on the total 

force propagated to the upper plate and influences the plate motions, dips and vertical stresses, 

reflected as a topographic high in the overriding plate. 

 

 

2.4 Discussion 
 

Our numerical models suggest that the dip of the slab consistently changes as a function of intensity 

of the mantle wind, whereas the presence or absence of the LVZ plays only a collateral role (Appendix 

A Figures A.3-A.4). This is confirmed by the fact that in our models, negative buoyancy does not 

influence the slab dip angle and the density contrast between the lithosphere and the hosting mantle 

is about 35-40 kg/m3 on average (for example, in Figure 2.4a) (Afonso et al., 2007; van Keken et al., 

2011). The resulting dip angle associated to a horizontal mantle flow mimics the natural data, 

providing a different clue to explain the global asymmetry of slab dip. Comparing our numerical 

experiments with a global compilation of slab dips (Figure 2.5) measured along cross-sections 

perpendicular to respective trenches (Riguzzi et al., 2010), a good fit can be obtained, assuming a 

mantle flow intensity of 3 cm/yr. Dip angle of our “westward” directed slab lies indeed within the 

average of the W-directed subduction zones worldwide (being ~73.7° the average dip angle for our 

“westward” directed slab, Figure 2.5). Following the same line of reasoning, our “eastward” directed 

slab (being its dip angle ~17.5°, Figure 2.5) correlates remarkably with the average dip of slabs along 

E to NE-subduction zones. The catalogue in Figure 2.5 includes several sections for western and 

eastern sides of the Pacific Ocean, ranging from 55N to 40S latitude degrees and from 50N to 22S 

latitude degrees, respectively. These can be used as representative for W- and E- to NE-directed 

subduction zones spread out in opposite Pacific Ocean sides. Also, looking at tomography (Fukao & 

Obayashi, 2014; Zhao et al., 2017) (considering the segment of the slab on which seismicity is plotted) 

and other seismicity data (Cahill & Isacks, 1992; Fischer et al., 1991; McCrory et al., 2012), a quite 

good correlation between slab dip and subduction polarity can be observed. Exceptions are for 

northern-Japan, the Aegean Sea, Java and central America, these latter two being more likely related 

to the obliquity of the slab direction with respect to the main convergence direction. The northern-

 
 

Model Va 
(J/bar) α (1/K) Low Velocity 

Zone 
Mantle Flow 

Direction 
Mantle Flow 

Velocity (cm/yr) 
Slab Dip 
Angle (°) 

Back-arc 
spreading 

Oceanic plate 
age (Myr) 

a 1.20 2.00 × 10-5 Yes Negative 3.00 74 Yes 20 
b 1.20 2.00 × 10-5 Yes Positive 3.00 17.5 No 40 

Table 2.2 - Conditions and results of 2D numerical models. Slabs dip of 74° was found for the W-directed slab, while the dip found 
for the E-directed slab was 17.5°, for models in Fig. 2.4 
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Japan setting is peculiar because the subduction hinge is now converging relative to the upper 

Eurasian plate, hence inverting the previous slab retreat relative to the upper plate and the 

contemporaneous opening of the Japan Sea (Doglioni et al., 2007). 

 

 

Although a possible link between slab dip, deformation of the overriding plate and trench motion has 

been already proposed (Schellart, 2007; Tao & O’Connell, 1992), our results could be useful to 

explain some of the different features between Andean- and Mariana-type subductions in a different 

way. In the past (Tao & O’Connell, 1992), differences between these two subduction types were 

explained by ablation extent during subduction process. In our conceptual and numerical models, the 

absence of crustal shortening in Mariana-type subductions should be due to the backarc basin 

opening, as a consequence of the slab rollback associated to the retreat of the subduction hinge relative 

to the upper plate, and shallow décollement levels determine mostly thin skinned tectonics. In such 

settings most of the crust and the lithospheric mantle are completely subducted instead of being 

involved in the accretionary prism building. In the opposite subduction setting, the slab hinge 

converges relative to the upper plate and the deep décollement levels allow involvement of rocks 

coming from a higher depth in orogens building. Some authors (Lallemand et al., 2005; Schellart, 

2007), then, used seismicity data coming from deeper and shallower parts of the slab, separately, to 

study relations between slab dip and subduction direction. However, it is important to notice that 

splitting a slab in a shallow and a deep part of it could be misleading: 1) in subduction zones where 

there is a continental upper crust (approximately all E- to NE-directed), the behaviour of the first 125 

Figure 2.5 - This picture shows our two models (in green), compared with a compilation of the slab dip measured along cross-
sections perpendicular to the trench of most subduction zones. Each line represents the mean trace of the seismicity along every 
subduction. Some E- or NE-subduction zones present a deeper scattered cluster of hypocentres between 550–670 km. Dominant down-
dip compression occurs in the W-directed intraslab seismicity, whereas down-dip extension prevails along the opposed E- or NE-
directed slabs. The W-directed slabs are, on average, dipping 65.6°, whereas the average dip of the E- or NE-directed slabs, to the right, 
is 27.1° (modified after Riguzzi et al., 2010). In our models the dip of the slab fits within this average by assuming intensity of the 
horizontal mantle flow of 3 cm/yr. In this figure the differences in topography and state of stress between the upper plates of both 
models can be seen. 



 

 55 

km is mostly influenced by the thickness of the lithosphere and by the slab angle with respect to 

convergence direction. Slab dip might not even show such a different dip in its shallow part because 

of the presence of the décollement level (LVZ, considered in our numerical models), located between 

a 100 and 200 km depth. However, regional monocline dip reveals the same asymmetry between W-

directed an E- to NE-directed subduction zones (Doglioni et al., 1999). 2) Seismicity below W-

directed and E- to NE-directed subduction zones is quite different: E- to NE-directed subduction 

zones have a seismic gap between 250-300 km and a 500 km depth, and seismic isolated events at 

deeper depth origin are still unclear (Doglioni, 2008).  

Another issue that should be considered when evaluating relationship between subduction zones 

direction and slab dip, is that most of subductions worldwide show an arcuate geometry (Doglioni, 

2008; Schellart et al., 2011); therefore slabs could form different angles with subduction direction 

and, consequently, they have different dip angles according to their obliquity with respect to the main 

convergence direction. 3D modeling may be necessary to properly model these arcuate subduction 

zones. Furthermore, some works (Schellart, 2007) consider trench-perpendicular migration velocities 

but, doing this, an assumption is made: in fact, when having an oblique trench with respect to 

subduction direction the hinge moves obliquely too, due to stress deviation from the convergence 

direction and strain partitioning. Moreover, hinge velocity cannot be measured in a precise way, 

especially when calculated with respect to the mantle (Doglioni, 2008). 

However, here we analyse the possibility that a global feature –such as the mantle wind– could be 

the first-order controlling parameter of slab dip and stress regime within the upper plate (Doglioni, 

2008). Our results show a backarc basin opening only in models with “westward” directed slabs, as 

it can be seen along W-directed subduction zones worldwide (i.e., Appenines, Marianas, Tonga-

Kermadec, Sandwich etc.). This opening could thus be critically related to the slab rollback, due to 

the push exerted from the “eastward” mantle flow on a “westward” directed subducting slab. In fact, 

it has to be considered that extension within the overriding plate, in the two subduction end-members, 

has different geologic origins: along W-directed subduction zones, backarc spreading occurs as a 

consequence of slab rollback and of the asthenospheric replacement for the retreated lithosphere (as 

it can be seen also from our W-directed subduction model), whereas for E-NE-directed subductions 

backarc basins open in few places where the upper plate lithosphere is split into two sub-plates that 

have different velocity with respect to the same lower plate (Doglioni et al., 2007). Moreover, the 

first one are characterized by fast backarc opening, widely distributed throughout the upper plate and 

eventually arriving to oceanization (e.g., the Western Mediterranean) whereas, in the second one, 

extension within the upper plate is confined in areas close to the transfer zones (e.g., the Aegean Sea) 

and rarely reaching the oceanization stage (e.g., the Andaman Sea).  
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2.5 Conclusions 
 

Our experiments suggest, thus, that the existence of a predominantly “eastward” horizontal mantle 

flow (along the so-called, undulated, tectonic equator) may explain several contrasting characteristics 

of subduction zones worldwide. The subduction of the Nazca plate beneath the Andes provides a key 

test for this analysis. In fact, in the kinematic model of a slow net rotation of the lithosphere driven 

only by the slab negative buoyancy, beneath the Nazca plate and the slab of the south America 

cordillera, the mantle flow should be westerly directed, providing a steep slab. However, as shown in 

the numerical modeling presented here, the shallow dip of the Andean slab is consistent with an 

eastward mantle flow even beneath the Nazca plate as evident by shear wave splitting results (Russo 

& Silver, 1994) and providing indirect support for the fast lithospheric rotation rates relative to the 

mantle (Crespi et al., 2007). 

While geophysical constraints support the hypothesis of an E-directed mantle flow over at least the 

last 100 Myr (Doglioni & Panza, 2015), how mantle structure and kinematics may have behaved in 

the geological past is still unclear. One possible explanation is that the lithosphere is sheared 

“westward” relative to the asthenospheric mantle, along the mainstream of plate motions in which 

W-directed subduction zones contribute to a three times larger fraction of global lithospheric 

recycling, compared to E- and NE-directed subduction zones (Doglioni & Anderson, 2015). As a 

result, a larger fraction of the asthenospheric mantle material has to move to the east, thus creating a 

global mantle wind. However, understanding of physical origin and distribution of the horizontal 

mantle flow requires self-consistent global mantle convection and plate tectonics modeling (Crameri 

et al., 2012) and remains as a challenge for future research.  
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Chapter 3 
 

Asymmetric dynamics at subduction zones 

derived from plate kinematic constraints 
 

Computing the volume of lithosphere recycled within the mantle by subducting slabs quantifies the 

equivalent amount of mantle that should be displaced, for the mass conservation criterion. The rate 

of subduction is constrained by the convergence rate between upper and lower plates and the motion 

of the subduction hinge H that may either converge or diverge relative to the upper plate. See Section 

1.3.1 for an extensive discussion about the importance of the subduction hinge. Here, starting from 

the analysis of the slab hinge kinematics, we evaluate the subduction rate at subduction zones 

worldwide, useful to compute volumes of sinking lithosphere into the mantle. Our results show that 

~190 km3/yr and ~91 km3/yr of lithospheric slabs are currently subducting below H-divergent and H-

convergent subduction zones, respectively. We also propose supporting numerical models providing 

asymmetric volumes of subducted lithosphere, using the subduction rate instead of plate convergence, 

as boundary condition. Furthermore, H-divergent subduction zones appears to be coincident with 

subductions having “westward”-directed slabs, whereas H-convergent are compatible with those that 

have “eastward-to-northeastward”-directed slabs. On the basis of this geographical polarity, our 

lithospheric volume estimation gives ~214 km3/yr and ~91 km3/yr of subducting lithosphere, 

respectively. This entails that W-directed subduction zones contribute more than twice in lithospheric 

sinking into the mantle with respect to E-to-NE-directed ones. In accordance with the conservation 

of mass principle, this volumetric asymmetry in the mantle suggests a displacement of ~120 km3/yr 

of mantle material from west to east, which is a first order component that we expect in global mantle 

convection, providing a constraint for a global asymmetric mantle convection.  
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3.1 Introduction 
 

Subduction zones dynamics and the evolution of the lithosphere-mantle system at convergent margins 

have been thoroughly investigated in the last decades by the scientific community (Capitanio et al., 

2010; Coltice et al., 2017; Conrad & Hager, 1999; Jarrard, 1986). Several parameters seem to 

influence subduction zones behaviour and different models have been invoked to explain the 

initiation of the slab sinking, as well as the driving forces of plate tectonics and related mantle 

convection (Carcaterra & Doglioni, 2018; Faccenna et al., 2001; Forsyth & Uyeda, 1975; Garfunkel 

et al., 1986). However, regardless the origins and driving mechanisms for plate tectonics, it is 

generally accepted that subduction zones dynamics is strongly affected by the motion of the trench 

(Doglioni et al., 2007; Heuret & Lallemand, 2005; Schellart & Rawlinson, 2013).  

In this Chapter, we compute the volumes of subducting lithosphere at subduction zones worldwide 

(Figure 3.1), taking into account the different subduction hinge kinematics, also improving the study 

of Doglioni and Anderson (2015). Indeed, relative to the fixed upper plate, the slab hinge can move 

either towards the lower plate (e.g., Marianas, Tonga-Kermadec or Sandwich subduction zones, etc.) 

or towards the upper plate (e.g., South America, Cascadia or Burma-Sumatra subduction zones, etc.) 

(Figure 1.10). 

For every subduction zones, we collected a data set including the velocities of the lower plate and the 

subduction hinge, from which we derived the subduction rate; also, we computed the length of each 

subduction trench (Figures 3.3-3.5 and Tables 3.1-3.7). Finally, to support our analysis, we included 

these results in numerical models of subducting lithosphere, for both the end-member cases, using 

the subduction rate instead of plate convergence, as boundary condition, and considering or not the 

influence of the Low Velocity Zone (LVZ).   
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Figure 3.1 - Analyzed subduction zones. In red are H-convergent subduction zones, whereas in blue are H-divergent ones. 
Subductions marked by gray lines are the two outliers of our dataset such as the Philippines and Northern-Japan subduction zones. 
Empty circles are the point where plate velocities were computed at each subduction zone. Black arrows show the average direction of 
the lower plates. Orange arrows show the direction of the subduction hinge. Velocities are computed relative to the upper plate, taken 
as fixed. 

 

3.2 Geodynamic model 
 

To compute volumes of lithosphere currently subducting below the principal subduction zones, we 

considered their kinematics in a reference frame with three points, one attached to the upper plate 𝑈, 

a second attached to the lower plate 𝐿, and the third on the subduction hinge 𝐻. The point 𝑈 located 

on the upper plate is taken as fixed, i.e., its velocity 𝑉-= 0. The motion of the two remaining points 

is thus considered relative to the fixed upper plate, so that 𝑉+ is the velocity of the lower plate and 𝑉) 

is the velocity of the hinge (Figure 1.10).  

We calculated the lithospheric volume 𝐿𝑉 using the relation: 
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                                                            𝐿𝑉 = 𝑙 𝑉%  𝑑,                                                       (3.1) 

 

where 𝑙 is the length of the trench, 𝑑 is the thickness of the slab, which is assumed to be 100 km for 

each subduction zone, whereas 𝑉% corresponds to the subduction rate. This velocity is defined as the 

rate at which the subducting lithosphere enters the subduction zone and can be calculated with the 

formula (1.1), already mentioned in Chapter 1 (Doglioni et al., 2007). When using the equation (1.1), 

observations of 𝑉) present many uncertainties principally related to the exact location of the 

subduction hinge. This is due to the wide area in which the hinge could be located from the horizontal 

lower plate to the inclined downgoing slab. Thus, 𝑉) values at subduction zones were investigated 

using GPS data, previously published in literature. In very few cases, the motion of the hinge zone 

was inferred from the state of stress within the upper plate (Lallemand et al., 2005; Parson & Wright, 

1996). However, for an extensive discussion about the subduction hinge the reader is referred to 

Section 1.3.1 of this dissertation. Conversely, 𝑉+ was derived from current plate motions models 

(DeMets et al., 2010) and, in some cases, from GPS data (Devoti et al., 2008; Doglioni et al., 2007; 

Mason et al., 1998). A detailed description of measured and computed kinematic parameters is given 

below and in Tables 3.1-3.7. 

 

3.3 Geodynamic and kinematic analysis 
3.3.1 Rationale 

 
The following section includes description of data, used parameters and references taken into account 

for our computations. For an amount of 31 analyzed subduction zones (Tables 3.1-3.7), 𝑉+ was 

estimated from plate kinematic models (DeMets et al., 2010) in the 90% of the cases, whereas we had 

to refer to literature (Devoti et al., 2008; Doglioni et al, 2007; Mason, 1998) for the 10% of the 

subduction zones. The 95% of the hinge data were estimated on the basis of GPS data taken from 

literature, whereas only 5% were taken in other forms (i.e., state of stress of the upper plate, from 

Lallemand et al., 2005; Parson & Wright, 1996). In the next section, we show in detail our analysis, 

starting from H-convergent subduction zones, moving on to H-divergent subduction zones, and 

concluding with outliers, representing the 52%, 42%, and 6%, of the analyzed database.  

However, a detailed recap of all the following data is available in Tables 3.1-3.7. All data are 

computed in correspondence, or close, to points illustrated in Figure 3.1 and in Table 3.7, collected 

every 10° of latitude. For longer subduction zones (i.e., South America, Indonesia, Central America, 

Tonga-Kermadec and Izu Bonin-Marianas), averaged parameters are considered, as they were 
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calculated at several reference points (Figure 3.1 and Table 3.7). 

 

 

Measurement Points

Subduction Latitude Degrees Longitude Degrees

S-America

0.00 − 81.00
− 10.00 − 80.50
− 20.00 − 71.50
− 30.00 − 73.00
− 40.00 − 75.50
− 55.00 − 73.50

Indonesia

10.00 92.00
0.00 97.00

− 10.00 108.00

Central America
10.00 − 86.00
17.00 − 103.00

Taiwan 20.00 120.00
New Hebrides-Vanuatu Islands − 15.00 166.00

Cascadia 45.00 − 125.50
S-New Zealand − 46.00 165.00

Himalaya 27.50 83.00
Zagros 27.50 53.00

Solomon Islands − 10.00 159.00
Papua-New Guinea − 2.50 144.00

Caucasus 42.50 44.50
Dinarides 42.50 18.00
Hellenides 35.00 23.00
Cyprus 35.00 33.00
Alps 47.20 9.00

Tonga-Kermadec
− 20.00 − 173.00
− 30.00 − 176.00

Banda Arc − 5.00 133.50
Aleutians 52.50 − 167.00

Izu-Bonin-Marianas
15.00 147.50
30.00 143.50

Ryukyu-Japan 27.50 130.00
Kuril-Kamchatka 50.00 159.00

New Britain − 6.50 151.50
New Scotia-Sandwich − 57.50 − 24.00

N-New Zealand − 38.00 179.00
Caribbean 15.00 − 59.00

Crete 35.00 28.00
Apennines 42.50 15.00
Carpathians 47.50 26.00
N-Japan 40.00 145.00

Philippines 10.00 126.50

Table 3.1 - Measurement points. All kinematics data were collected and/or calculated 
on or close to these points for each subduction zone.   
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3.3.2 Geological and kinematic data 
 

The following correspond the H-convergent subduction zones ordered for decreasing computed 

volumes (summary in Tables 3.2-3.3).  

South America, is one of the most extensive subduction zone in the world, when considering the 

range of latitude. It goes from 5°N to about 60°S, for a total length of about 7060 km. Plate kinematics 

related to this subduction zone involve Nazca moving and South America fixed (from 4°S to 45°S) 

and Antarctica moving and Scotia fixed (from 52°S to 58°S) (DeMets et al., 2010; Hayes et al., 2012). 

The average 𝑉+ is of about 59.5 mm/yr (DeMets et al., 2010) and it is differently distributed along the 

entire subduction length. Indeed, velocity decreases toward the south (e.g., Liu et al., 2000; Doglioni 

et al., 2007; Mora-Paez et al., 2018; Smalley et al., 2007). Data from Liu et al., (2000) was used for 

points corresponding to the latitude interval ranging from 10°S to 40°S whereas, for the Equator point 

at latitude 0° and the 55° latitude point, GPS data provided by Mora-Páez et al. (2018) and Smalley 

et al. (2007) respectively were used. 𝑉)  for this subduction zone has an average value of -31.6 mm/yr. 

Average 𝑉% value is about 27.9 mm/yr, computed with equation (3.2), whereas 𝐿𝑉, obtained with 

equation (3.1) is about 18.9 km3/yr.  

The Indonesian subduction zone is the second for extension worldwide. In fact, it has a length of 

about 4811 km, from 15°N to about 10°S and could be divided in three major segments (i.e., 

Andaman, Sumatra and Java). Plates involved in the different segments are India moving and Sunda 

fixed (from 15°N to 2°N); Capricorn moving and Sunda fixed (from 2°N to 12°S) (DeMets et al., 

2010; Hayes et al., 2012). For this subduction zone, average 𝑉+ is about 40.1 mm/yr (DeMets et al., 

2010). 𝑉) (on average -19.1 mm/yr) values were considered from literature as GPS data (Koulali et 

al., 2017; Michel et al., 2001; Yong et al., 2017). Average 𝑉% and total 𝐿𝑉, obtained using equation 

(3.2) and (3.1), respectively, are about 34.4 mm/yr and 17.1 km3/yr.  

Central America subduction zone extends from about latitude 10°N to about 20°N, for a total length 

of 2986 km. Tectonic plates involved in this subduction zone are Cocos moving and Caribbean fixed 

(from 8°N to 15°N); Cocos moving and North America fixed (from 15°N to 21°N) (DeMets et al., 

2010; Hayes et al., 2012). Average 𝑉+ has a value of about 69.2 mm/yr (DeMets et al., 2010), whereas 

average 𝑉), in this area, should be of about -18.5 mm/yr, obtained using GPS data (Márquez-Azúa & 

DeMets, 2003; Outerbridge et al., 2010). Having these values, an average 𝑉% of 50.7 mm/yr and a 

total 𝐿𝑉 of 15 km3/yr are easily derived from equations (3.2) and (3.1). 

The Taiwan subduction zone is located northward with respect to Philippines Islands, between 25°N 

and 15°N, for a total length of about 1476 km. Plates that take part to the subduction process here are 

Sunda moving and Philippine Sea fixed (DeMets et al., 2010). 𝑉+  used for our calculation here is 93.9 
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mm/yr (DeMets et al., 2010). 𝑉)  of -2.70 mm/yr was taken from GPS data (Hsu et al., 2012), 𝑉%, 

obtained using equations (3.2), is of 91.2 mm/yr whereas 𝐿𝑉, from equation (3.1) is 13.5 km3/yr.  

New Hebrides-Vanuatu Islands are part of a 1951 km long subduction zone that falls in a range of 

latitude that goes from about 20°S to about 10°S. Plates involved in this subduction are  Australia 

moving and Pacific fixed (DeMets et al., 2010; Hayes et al., 2012). 𝑉+  in this zone is 88.4 mm/yr 

(DeMets et al., 2010) and, together with a 𝑉)  of -32.7 mm/yr (GPS data from Calmant et al., 2003), 

were used to calculate 𝑉%  value with equation (3.2), that results being of 55.7 mm/yr. The resulting 

𝐿𝑉, from equation (3.1), is of 10.9 km3/yr. 

Cascadia subduction zone extends for about 1083 km, covering a range of latitude that goes from 

40°N to 50°N. Plates involved in subduction process are Juan de Fuca moving and North America 

fixed (DeMets et al., 2010; Hayes et al., 2012). 𝑉+  from plates velocity calculator (DeMets et al., 

2010) has a value of 35 mm/yr. 𝑉) is -6.7 mm/yr at the trench and it decreases to zero toward the 

inner upper plate, taken as fixed (Krogstad et al., 2016). With these two parameters, then, we could 

estimate 𝑉%, with equation (3.2), that has a value of 28.2 mm/yr. 𝐿𝑉, then, calculated with equation 

(3.1), is 3.1 km3/yr. 

Southern New Zealand subduction zone extends within a latitude range of about 40°S-50°S, for a 

total length of about 1243 km. Plates involved in this subduction zone are Australia moving and 

Pacific fixed (DeMets et al., 2010). 𝑉+  measured (DeMets et al., 2010) is 38.8 mm/yr and was used, 

together with a 𝑉) of -15 mm/yr (GPS data from Beavan et al., 2016), to calculate 𝑉% with equation 

(3.2), that results having a value of 23.8 mm/yr. 𝐿𝑉, obtained here from equation (3.1), is 3 km3/yr. 

Himalaya subduction zone (now collision zone) is about 2596 km long and it extends from a latitude 

of 25°N to a latitude of 35°N. Plates playing a role in this tectonic area are India moving and Eurasia 

fixed (DeMets et al., 2010). 𝑉+  is 44.2 mm/yr (DeMets et al., 2010), whereas 𝑉), estimated from GPS 

data (Jade et al., 2017) is -34.4 mm/yr. 𝑉%  has a calculated value of 9.8 mm/yr, from equation (3.2), 

whereas 𝐿𝑉 has a value of 2.5 km3/yr, calculated from equation (3.1). 

Zagros subduction zone extends from a latitude of about 25°N to 35°N for a total length of about 

2516 km. Plates involved in this zone are Arabia moving and Eurasia fixed (DeMets et al., 2010). 𝑉+ 

is 31.5 mm/yr (DeMets et al., 2010) and 𝑉) is -22.5, taken from GPS data (Walters et al., 2017). With 

all these numbers, we obtained a 𝑉% value of 9 mm/yr, with equation (3.2), and 𝐿𝑉 found using 

equation (3.1) is 2.3 km3/yr. 

Solomon Islands subduction zone length reaches a value of about 1161 km, extending from 10°S to 

5°S. Plates involved in the subduction process are the Australia moving and the Pacific fixed (DeMets 

et al., 2010; Hayes et al., 2012). Measured 𝑉+ is 97.1 mm/yr (DeMets et al., 2010) and 𝑉) has a value 
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of -84 mm/yr (GPS data from Kuo et al., 2016). 𝑉%, obtained from equation (3.2), is 12.7 mm/yr, 

whereas 𝐿𝑉, calculated with equation (3.1) is 1.5 km3/yr. 

Papua-New Guinea subduction zone length is of approximately 1293 km, extending from a latitude 

of about 7°S to 5°N. Plates playing a role in this subduction zone are Australia moving and Pacific 

fixed (DeMets et al., 2010). Plate motions calculator (DeMets et al., 2010) shows a 𝑉+ velocity in this 

area of 108.7 mm/yr. 𝑉) in this area, from GPS data (Koulali et al., 2015), is found to be -100.1 

mm/yr. 𝑉%, obtained using equation (3.2), is 8.6 mm/yr, whereas, with equation (3.1), 𝐿𝑉 was found 

to have a value of 1.1 km3/yr. 

Caucasus is a complex subduction zone that is placed within a latitude of 40°N and 45°N and it 

extends for a total length of 763 km. It is located within a zone of wide continental collision, between 

the still converging Arabian plate moving and Eurasian fixed. 𝑉+  here is 25.3 mm/yr (DeMets et al., 

2010). 𝑉) (GPS data from Ahadov and Jin, 2017) is -11.4 mm/yr. 𝑉% obtained from equation (3.2) is 

13.9 mm/yr whereas 𝐿𝑉, from equation (3.1), is 1.1 km3/yr. 

Dinarides subduction zone extends for 10° of latitude, between 40°N and 45°N, for a total length of 

about 1086 km. Plates involved in this tectonic area are Adriatic moving and Eurasia fixed (Bennet 

et al., 2008; Serpelloni et al., 2016). DeMets et al., 2010 suggest a value of 9 mm/yr for 𝑉+ in this 

area, whereas a 𝑉)of -2.7 mm/yr is obtained from GPS data (Métois et al., 2015). Calculated 𝑉%, with 

equation (3.2), is 6.3 mm/yr whereas 𝐿𝑉, from equation (3.1), is 0.7 km3/yr. 

Hellenides subduction zone is located between 35°N and 40°N approximately and it extends for about 

620 km. Plates involved in subduction process are Africa moving and Eurasia fixed (DeMets et al., 

2010). Measured 𝑉+  is 9.4 mm/yr (DeMets et al., 2010), whereas we used a 𝑉) value of -2.8 mm/yr 

(England et al., 2016). With equation (3.2) we found a 𝑉% value of 6.6 mm/yr and, with equation (3.1), 

a 𝐿𝑉 of 0.4 km3/yr. 

Cyprus subduction zone extends along the 35th latitude degree, for a length of about 581 km. Plates 

taking part to subduction here are Africa moving and Eurasia fixed (DeMets et al., 2010). 𝑉+ here was 

estimated as 10.8 mm/yr (DeMets et al., 2010), whereas 𝑉), taken from GPS data (Devoti et al., 

2017), is -6.7 mm/yr. We obtained a 𝑉% value of 4.1 mm/yr, with equation (3.2), and 𝐿𝑉 found using 

equation (3.1) is 0.2 km3/yr. 

Alps subduction zone (now collision zone) covers a latitude that goes from about 45°N to about 50°N, 

reaching a total length of approximately 1218 km. Plates converging in this tectonic area are Eurasia 

moving and Adriatic plate fixed (Carminati and Doglioni, 2012; Serpelloni et al., 2016). 𝑉+ for this 



 

 65 

subduction is 1 mm/yr (Doglioni et al., 2007) and 𝑉)  is.4 mm/yr (GPS data from Serpelloni et al., 

2016). 𝑉%, calculated with equation (3.2) is found to be 0.6 mm/yr, and, using equation (3.1), 

calculated 𝐿𝑉 is 0.1 km3/yr. 

 

Table 3.2 - Useful information for the H-convergent subduction zones. The star symbol points to cases in which VH was inferred 
from the state of stress of the upper plate (contraction, neutral or extension). 
 

H-convergent Subduction Zones

Subduction Length (km) VL (mm/yr) VH (mm/yr) VS (mm/yr) Volumes (km3/yr)

S-America** 7060.0 59.5 �31.6 27.9 18.9
Indonesia** 4810.8 40.1 �19.1 34.4 17.1

Central America** 2985.6 69.2 �18.5 50.7 15.1
Taiwan 1475.9 93.9 �2.7 91.2 13.5

New Hebrides-Vanuatu Islands 1951.0 88.4 �32.7 55.7 10.9
Cascadia 1082.6 34.9 �6.7 28.2 3.1

S-New Zealand 1242.7 38.8 �15.0 23.8 3.0
Himalaya 2596.2 44.2 �34.4 9.8 2.5
Zagros 2515.8 31.5 �22.5 9.0 2.3

Solomon Islands 1160.9 97.1 �84.4 12.7 1.5
Papua-New Guinea 1293.2 108.7 �100.1 8.6 1.1

Caucasus 763.0 25.3 �11.4 13.9 1.1
Dinarides 1086.1 9.0 �2.7 6.3 0.7
Hellenides 619.6 9.4 �2.8 6.6 0.4
Cyprus 581.2 10.8 �6.7 4.1 0.2
Alps 1218.4 1.0 �0.4 0.6 0.1

1

Table 3.3 - Parameters used and calculated for the H-convergent subduction zones. The double stars point to long subduction 
zones for which average values for VL, VH and VS are shown. 
 

H-convergent Subduction Zones

Subduction Moving Plate Fixed Plate Reference for hinge motion

S-America
Nazca S-America Doglioni et al., 2007; Liu et al., 2000; Mora-Paez et al., 2018

Antarctica Scotia Smalley et al., 2007

Indonesia
India Sunda Michel et al., 2001

Capricorn Sunda Koulali et al., 2017; Yong et al., 2017

Central America
Cocos Caribbean Outerbridge et al., 2010

Cocos N-America Marquez-Azua and DeMets, 2003

Taiwan Sunda Philippines Sea Hsu et al., 2012

New Hebrides-Vanuatu Islands Australia Pacific Calmant et al., 2003

Cascadia Juan de Fuca N-America Krogstad et al., 2016

S-New Zealand Australia Pacific Beavan et al., 2003

Himalaya India Eurasia Jade et al., 2017

Zagros Arabia Eurasia Walters et al., 2017

Solomon Islands Australia Pacific Kuo et al., 2016

Papua-New Guinea Australia Pacific Koulali et al., 2015

Caucasus Arabia Eurasia Ahadov and Jin, 2017

Dinarides Eurasia Adriatic Metois et al., 2015

Hellenides Africa Eurasia England et al., 2015

Cyprus Africa Eurasia Devoti et al., 2017

Alps Eurasia Adriatic Serpelloni et al., 2016

1
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The following are the H-divergent subduction zones ordered for decreasing computed volumes 

(summary in Tables 3.4 and 3.5).  

Tonga-Kermadec subduction zone has a length of about 2896 km, included between about 15°S and 

35°S of latitude. Plates that play a role in this area are Pacific moving and Australia fixed (DeMets et 

al., 2010; Hayes et al., 2012). 𝑉+ estimated with plate motions calculator (DeMets et al., 2010), is 

68.7 mm/yr, on average; 𝑉) in this case is 76.1 mm/yr (Parson and Wright, 1996; Ribeiro et al., 2017), 

on average, whereas averaged 𝑉%, obtained from equation (3.2), and 𝐿𝑉, from equation (3.1), are 

144.8 mm/yr and 40.1 km3/yr, respectively. 

Banda subduction zone includes the Northern, Central and Southern segment of the Banda Arc and 

it is 2407 km long. It extends mostly from a latitude of 0°S to 10°S. Plates that take part in this 

subduction zones are Australia moving and Sunda fixed (DeMets et al., 2010). 𝑉+, measured with 

plate motions models (DeMets et al., 2010), in this area reaches a value of 76.9 mm/yr, whereas 𝑉), 

obtained from Koulali et al. (2016), is of 60 mm/yr. 𝑉%, from equation (3.2), turned out to be 136.9 

mm/yr and 𝐿𝑉, from equation (3.1), 33 km3/yr. 

Aleutians subduction zone length is about 3935 km, extending from a latitude of 50°N to about 60°N. 

Plates involved in the subduction process are Pacific moving and North America fixed (DeMets et 

al., 2010; Hayes et al., 2012). 𝑉+ value is around 69 mm/yr (DeMets et al., 2010), whereas we used a 

5.0 mm/yr value for 𝑉) (Kogan et al., 2017). With equation (3.2) we obtained a 𝑉% of about 74.1 

mm/yr and, using equation (3.1), we had a 𝐿𝑉 of approximately 29.2 km3/yr. 

Izu-Bonin-Marianas subduction zone has a length of 3591 km, and an extension in latitude of about 

25°, from around 10°N to 35°N. Plates involved in this tectonic area are Pacific moving and 

Philippine Sea fixed (DeMets et al., 2010; Hayes et al., 2012). 𝑉+ is estimated to have a value of 33.4 

mm/yr on average, whereas 𝑉)  has a value of about 25.0 mm/yr (Arisa & Heki, 2016; Kato et al., 

2003). 𝑉%, obtained from equation (3.2) and 𝐿𝑉, from equation (3.1), are 58.3 mm/yr and 21.2 km3/yr 

on average, respectively. 

The Japan-Ryukyu subduction zone has a total length of about 2180 km, covering a latitude range 

that goes from about 35°N to 25°N. Plates converging in this area are Philippine Sea moving and 

Eurasia fixed (DeMets et al., 2010; Hayes et al., 2012). Computed 𝑉+ is 65.4 mm/yr (DeMets et al., 

2010) and 𝑉) is 25.0 mm/yr (GPS data from Sagiya et al., 2004). 𝑉%, from equation (3.2), and 𝐿𝑉, 

from equation (3.1), are estimated to be 90.4 mm/yr and 19.7 km3/yr, respectively. 

The Kuril-Kamchatka subduction zone extends from a latitude of about 35°N and 55°N, along 1929 

km. Plates involved are Pacific moving and North America fixed (DeMets et al., 2010; Hayes et al., 

2012). 𝑉+ estimated from plate motions calculator (DeMets et al., 2010) is 79.3 mm/yr, and 𝑉) is 5.0 
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mm/yr (GPS data from Apel et al., 2006). With equations (3.2) and (3.1) we calculated a 𝑉% and a 𝐿𝑉 

of 84.3 mm/yr and 16.3 km3/yr, respectively. 

New Britain subduction zone ranges from a latitude of 5°S to 10°S, for an overall length of about 611 

km. Plates involved in this area are Australia moving and Pacific fixed (DeMets et al., 2010; Hayes 

et al., 2012). Calculated 𝑉+ for this subduction zone is 103.5 mm/yr (DeMets et al., 2010), whereas 

𝑉) has a value of 110.0 mm/yr (Wallace et al., 2004). 𝑉%  and 𝐿𝑉, calculated with equation (3.2) and 

(3.1), are 213.5 mm/yr and 13.0 km3/yr, respectively. 

New Scotia-Sandwich Arc has a length of 754 km, for a latitude extension that goes from 55°S to 

60°S. Plates playing a role in this tectonic area are South America moving and Sandwich fixed 

(DeMets et al., 2010; Hayes et al., 2012). 𝑉+ calculated for Sandwich plate is 71.3 mm/yr (DeMets et 

al., 2010) and 𝑉) was found to be 10.0 mm/yr (Smalley et al., 2007). Equation (3.2) was used to 

calculate a 𝑉% value of 81.3 mm/yr whereas a 𝐿𝑉 of 6.1 km3/yr was estimated starting from equation 

(3.1). 

Northern New Zealand subduction zone has a length of barely 785 km and it extends in the range of 

45°S to 35°N latitude. Plates converging in this area are Pacific moving and Australia fixed (DeMets 

et al., 2010). 𝑉+ obtained from plate motions calculator (DeMets et al., 2010) is 46.0 mm/yr and 𝑉) 

is 30.0 mm/yr (GPS data from Beavan et al., 2016). 𝑉% , calculated with equation (3.2), is 76.0 mm/yr 

whereas, from equation (3.1), we obtained a 𝐿𝑉 of 6.0 km3/yr. 

Caribbean subduction has a total length of 1063 km, for a latitude extension of about 10°, from 10°N 

to 20°N. Plates converging are South America moving and Caribbean fixed (DeMets et al., 2010). 𝑉+ 

in this area is 19.1 mm/yr (DeMets et al., 2010), whereas 𝑉) is 1.6 mm/yr (Weber et al., 2001). 𝑉%, 

from equation (3.2), is 20.7 mm/yr, whereas 𝐿𝑉, calculated with equation (3.1), is 2.2 km3/yr. 

Crete subduction is a short segment of the Hellenides subduction zone that has subduction hinge 

moving away from the upper plate. It has a length of 323 km, at a latitude of about 35°N. In this area 

converging plates are Africa moving and Eurasia fixed (DeMets et al., 2010). 𝑉+  reaches the value of 

10.1 mm/yr (DeMets et al., 2010), and a 𝑉)   of 33.3 mm/yr (GPS data from Devoti et al., 2017). 𝑉% 

has a value of 43.4 mm/yr and 𝐿V of 1.4 km3/yr, obtained using equations (3.2) and (3.1), 

respectively. 

Apennines subduction zone length reaches about 2067 km and its latitude extension goes from 35°N 

to 45°N. Plates involved in the subduction process are Adriatic moving and Eurasian fixed (Carminati 

and Doglioni, 2012; Devoti et al., 2008; Di Bucci and Mazzoli, 2002; Métois et al., 2015). 𝑉+ in this 

area reaches 2.0 mm/yr (Devoti et al., 2008) and 𝑉) is thought to be 4.5 mm/yr (Métois et al., 2015). 

𝑉%, calculated with equation (3.2), in this area has a value of 6.5 mm/yr, whereas 𝐿𝑉, obtained from 

equation (3.1), is 1.3 km3/yr. 
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Carpathians subduction zone is about 1227 km long, for a latitude extension that goes from almost 

40°N to 50°N. Plates involved in this area are a subplate, the intra-Carpathian basin system, moving 

and the European plate fixed (Fan et al., 1998; Linzer, 1996; Mason et al., 1998), moving. 𝑉+ in this 

area is less than 0.2 mm/yr (Mason et al., 1998) and 𝑉), obtained from GPS data (Serpelloni et al., 

2016), is 0.2 mm/yr. 𝑉%  in this area is estimated to be 0.4 mm/yr, using equation (3.2), and 𝐿𝑉is 0.1 

km3/yr, calculated starting from equation (3.1). 

 

 

 
 

Table 3.5 - Parameters used and calculated for the H-divergent subduction zones. The double stars point to long subduction 
zones for which average values for VL, VH and VS are shown. 
 

H-divergent Subduction Zones

Subduction Moving Plate Fixed Plate Reference for hinge motion

Tonga-Kermadec Pacific Australia Ribeiro et al., 2017; Parson and Wright, 1996*

Banda Arc Australia Sunda Koulali et al., 2016

Aleutians Pacific N-America Kogan et al., 2017

Izu-Bonin-Marianas Pacific Philippine Sea Arisa and Heki, 2016; Kato et al., 2003

Japan-Ryukyu Philippine Sea Eurasia Sagiya, 2004

Kuril-Kamtchatka Pacific N-America Apel et al., 2006

New Britain Australia Pacific Wallace et al., 2004

New Scotia-Sandwich Arc S-America Sandwich Smalley et al., 2007

N-New Zealand Pacific Australia Beavan et al., 2003

Caribbean S-America Caribbean Weber et al., 2001

Crete Africa Eurasia Devoti et al., 2017

Apennines Adriatica Eurasia Metois et al., 2015

Carpathians Intra-Carpathian Basin Eurasia Serpelloni et al., 2016

1

Table 3.4 - Useful information for H-divergent subduction zones. The star symbol points to cases in which VH was inferred from 
the state of stress of the upper plate (contraction, neutral or extension). 
 

H-divergent Subduction Zones

Subduction Length (km) VL (mm/yr) VH (mm/yr) VS (mm/yr) Volumes (km3/yr)

Tonga-Kermadec** 2895.5 68.7 76.1 144.8 40.1
Banda Arc 2406.7 76.9 60.0 136.9 33.0
Aleutians 3935.0 69.1 5.0 74.1 29.2

Izu-Bonin-Marianas** 3591.3 33.4 25.0 58.3 21.2
Ryukyu-Japan 2180.0 65.4 25.0 90.4 19.7

Kuril-Kamchatka 1929.2 79.3 5.0 84.3 16.3
New Britain 611.0 103.5 110.0 213.5 13.0

New Scotia-Sandwich 753.5 71.3 10.0 81.3 6.1
N-New Zealand 785.1 46.0 30.0 76.0 6.0

Caribbean 1063.4 19.1 1.6 20.7 2.2
Crete 323.1 10.1 33.3 43.4 1.4

Apennines 2067.2 2.0 4.5 6.5 1.3
Carpathians 1227.1 0.2 0.2 0.4 0.1

1
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Exceptions in our dataset are (summary in Tables 3.6 and 3.7):  

i) Northern Japan subduction zone, that extends from a latitude of about 35°N and 45°N, along 1067 

km. Plates involved are North America fixed and Pacific Ocean moving (from 42° to 40°); Eurasia 

fixed and Pacific Ocean moving (from 40° to 35°) (DeMets et al., 2010; Hayes et al., 2012). 𝑉+ 

estimated from plate motions calculator (DeMets et al., 2010) is 90.8 mm/yr, and 𝑉) from GPS data 

(Sagiya, 2004) is -12.5 mm/yr. With equations (3.2) and (3.1) we calculated a 𝑉% and a 𝐿𝑉 of 78.3 

mm/yr and 8.4 km3/yr, respectively. 

ii) Philippines subduction zone reaches a length of about 1565 km, for a latitude extension that goes 

from 15°N to 0°N. Plates that are involved in this area are Sunda fixed and Philippines Sea moving 

(DeMets et al., 2010; Hayes et al., 2012). 𝑉+ calculated for this subduction is about 101.1 mm/yr 

(DeMets et al., 2010). 𝑉) of this subduction zone is taken from information about the state of stress 

of the upper plate in this area. In Lallemand et al. (2005) the Sunda upper plate is considered in a 

neutral state (neither in extension nor in compression). For this reason, we considered a stable 

subduction hinge for this subduction zone (i.e., 𝑉) = 0). 𝑉% obtained with equation (3.2) is 101.1 

mm/yr, whereas 𝐿𝑉, from equation (3.1), turned out to be 15.8 km3/yr.  

 

 

 

 
 
 
 
 

Particular cases

Subduction Moving Plate Fixed Plate Reference for hinge motion

Philippine Philippine Sea Sunda Lallemand et al., 2005*

N-Japan Pacific Eurasia Sagiya, 2004

1

Table 3.6 - Useful information for the outliers of our dataset (Philippines and N-Japan 
subduction zones). The star symbol points to cases in which VH was inferred from the state of stress 
of the upper plate (contraction, neutral or extension). 

Particular cases

Subduction Length (km) VL (mm/yr) VH (mm/yr) VS (mm/yr) Volumes (km3/yr)

N-Japan 1066.7 90.8 �12.5 78.3 8.4
Philippines 1564.8 101.1 0.0 101.1 15.8

1
Table 3.7 - Parameters used and calculated for the outliers of our dataset (Philippines and N-Japan 
subduction zones.  
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3.4 Results 
 
Our kinematic analysis result in that, usually, the hinge kinematics is constant along the length trench 

at each subduction zone, showing convergent and divergent displacement of the subduction hinge H. 

Two exceptions occur along northern Japan and Philippine subductions. For the first zone, in the 

southern region the hinge moves toward the lower plate, i.e., the Philippine Sea, whereas in the 

northern area the subduction hinge is rather converging relative to the upper plate, i.e., the Eurasia. 

For the second zone, instead, the extension within the upper plate is no longer active (Lallemand et 

al., 2005). 

When computing volumes of sinking slabs into the mantle with the equations (3.1), we obtain that 

there are currently about 190 km3/yr of lithosphere subducting below H-divergent subduction zones, 

whereas about 91 km3/yr of lithosphere are subducting below H-convergent subduction zones. In this 

computation, northern Japan and Philippines subduction zones were not taken into account, 

representing outliers for our database.  

 While the total length of H-convergent subduction zones is ~32443 km and present differences with 

respect to the length of H-divergent subduction zones, i.e., ~23768 km (Figure 3.2), on the contrast, 

the average 𝑉+ shows no significant variation between the two end-members, being 52.0 mm/yr for 

H-convergent and 49.8 mm/yr for H-divergent (Figure 3.3). Conversely, a considerable difference 

can be observed in the average computed 𝑉%, obtained for the two subduction settings, e.g., 

approximately 82 mm/yr for H-divergent subduction zones and about 27 mm/yr for H-convergent 

ones (Figure 3.4).  

Uncertainties of computed volumes reach a maximum value confined under the 15% by using the 

error propagation function. This value was firstly obtained by (i) considering a null uncertainty 

associated with the thickness of the lithosphere d, taken constant – 100 km – in our calculation, (ii) 

an error equal to the 10% of the average trench length 𝑙 for each subduction zone, corresponding to 

200 km for H-divergent and H-convergent slabs and (iii) alternatively imposing errors equal to 10 

mm/yr, 50 mm/yr and 100 mm/yr on the subduction hinge velocity 𝑉). Then, we computed a 

propagated 𝑉+ mean error of 1.2 mm/yr for H-divergent and 0.9 mm/yr for H-convergent subduction 

zones, integrating velocity uncertainties provided by DeMets et al. (2010) and a propagated 

uncertainty on 𝑉%	,	resulted very similar to the error assigned to VH. Errors obtained for lithospheric 

volumes are 1, 4 and 8% and 2, 7 and 15% for H-divergent and H-convergent subduction zones, 

respectively, using uncertainties of 10, 50 and 100 mm/yr on 𝑉).   
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Figure 3.2- Lithospheric volumes (LV, blue histogram) vs. Subduction length (l, red dots). Total length for H-convergent ~32443 
km – Total length for H-divergent subductions ~23768 km. Average 𝑙 in dashed line is ~2000 km for H-convergent and 1800 for H-
divergent subduction zones. A clear relation between role of length l and differences of worldwide subducted lithosphere volumes 
cannot be detected 
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Figure 3.3 - Lithospheric volumes (LV, blue histogram) vs. Lower plate velocity (VL, red histogram). Average 𝑉+  in dashed 
line is 50 mm/yr for H-divergent and 52 mm/yr for H-convergent subduction zones. An evident correlation between the velocity 
𝑉+  and differences of worldwide subducted lithosphere volumes cannot be noticed.  
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Figure 3.4 - Lithospheric volumes (LV, blue histogram) vs. Subduction rate (VS, red histogram). Average 𝑉% in dashed line 
is 82 mm/yr for H-divergent and 27 mm/yr for H-convergent subduction zones. Being the first value almost four times higher than 
the second, this could affect difference in volumes of subducted lithosphere for H-divergent and H-convergent subduction zones. 
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3.5 Supporting numerical modeling 
 
The previously presented results show a difference of lithospheric slab volumes currently subducting 

below H-divergent and H-convergent subduction zones. This volume discrepancy is principally due 

to the difference in the two-end-member subduction rate 𝑉%, that takes into account the hinge 

kinematics. To support our kinematic results, here, we carried out numerical experiments using the 

subduction rate 𝑉%  instead of plate convergence 𝑉+, as boundary condition, to verify whether 

subduction rate affects slab dynamics at subduction zones. 

We used a visco-elasto-plastic thermomechanical code proposed by Gerya (2010) and Gerya and 

Yuen (2007). This code is based on a combination of the finite difference method applied on a 

staggered Eulerian grid with a marker-in-cell technique. The momentum, continuity and energy 

equations are solved in the Eulerian frame, and physical properties are transported by Lagrangian 

markers that move according to the velocity field interpolated from the fixed grid. We use non-

Newtonian realistic pressure-, temperature- and stress-dependent visco-elasto-plastic rheology in a 

model that is fully thermally and thermodynamically coupled and accounts for adiabatic, radiogenic 

and frictional internal heating sources. The viscous-ductile rheological term accounts for power-law 

and diffusion creep.  

Conservation of mass is approximated by a compressible time-dependent 2D continuity equation: 

 

        } ~� �
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= 0,                                                          (3.4) 
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 is the Lagrangian time derivative (for a moving point of reference) x and y denote horizontal 

and vertical Cartesian coordinates, whereas ρ (kg/m3) is the local density, which characterizes the 

amount of mass per unit volume, and v	(m/s) is the local velocity. 

The momentum equations are presented in the form of the Stokes flow approximation: 
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where σ��B  are the components of the deviatoric stress tensor, ρ is the density dependent on rock 

composition, temperature and pressure, and gy is the acceleration due to gravity.  

The conservation of energy equation describes the temperature changes in a continuum due to internal 

heat generation/consumption and advective/conductive heat transport: 

 

   ρc�_���	
��
��
+ v	∇ T = 	− ���

��
− ���

��
+ H� + H�	+	H�,             (3.6) 

 

where q� and q� are heat flux component (where q� = -k ��
���
andk = f(P, T, C) is thermal conductivity 

which depends on the pressure-temperature conditions and composition). H�, 	H� and H� are, 

respectively, radioactive, adiabatic and shear heat production. Radioactive heat production depends 

on the rock type and it is assumed to be constant through time. The adiabatic heat 

production/consumption is related to pressure changes (compression-decompression): 

 

         H� = Tα }�
}�
= Tα v�

��
��
+ v�

��
��

	,              (3.7) 

 

where α is the thermal expansion and P is the pressure. 

Since elastic deformation is reversible and does not contribute to mechanical energy dissipation, this 

deformation has to be excluded from shear heating calculation and therefore: 

 

   H� = 	2σ′��(ε��B 	− 	ε��(�~����ª)B ) +	2σ��(ε�� −	ε�� �~����ª ).										           (3.8) 

 

The effect of latent heating related to the phase transformations of the rocks is included implicitly by 

calculating the effective heat capacity and the effective thermal expansion through thermodynamic 

relations (Gerya, 2010, pp.128).  

With the previously described methods, we carried out four synthetic experiments where the first two 

models were made with an oceanic lower plate subducting beneath to a continental upper plate stated 

fixed (Figures 3.5, 3.6a, 3.6b). The other two experiments were performed with an oceanic subducting 

lower plate relative to another fixed oceanic upper plate (Figures 3.5, 3.6c, 3.6d). Every lithospheric 

plate subducting into the asthenospheric mantle is designed with an upper crust, a lower crust and a 

lithospheric mantle, considering the age of the subducting plate equal to 30 Myr and a time evolution 

of 7 Myr in all the numerical simulations. Furthermore, we divided the four experiments in models 

M1 and M2. In the M1 models (Figure 3.6a, 3.6c) no low velocity zone (LVZ) decoupling layer has 
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been integrated and the initial velocity conditions 𝑉% has been applied along the entire lateral 

boundary of the domain, as proposed by Gerya (2010), when simulating the subducting lower plate 

motion. In models M2 (Figures 3.6b, 3.6d), 𝑉% has been applied only on subducting lower plate and 

we added a LVZ layer of 100 km, with a constant viscosity value of 1018 Pa s. Synthetic velocity	𝑉% =

3 cm/yr is assigned as boundary condition to the H-convergent subduction zones, whereas a synthetic 

𝑉% = 8 cm/yr for the H-divergent ones is used (Figure 3.6, a, b, and c, d panels, respectively). Model 

setup is shown in Figure 3.5. 
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The experiments were performed in a 2000 x 700 km computational domain (Figure 3.5). The grid 

has a resolution of 201 x 61 nodes with variable grid spacing. This allowed a minimum grid resolution 

of 2 x 2 km in the area affected by the largest deformation. Around 1400000 randomly distributed 

Lagrangian markers carrying material properties were used in each experiment. A free surface upper 

boundary is simulated using the "sticky air" technique (Gerya & Yuen, 2007), for the first 10 km of 

all models, enhanced by the high-density marker distribution in the near-surface. To investigate slab 

subduction, we used an initial setup for subduction initiation across a pre-existing fault (Hall et al., 

2003). The experiments begin with two plates juxtaposed along a fault with a weak zone between 

upper and lower plates, having a 30° dip angle (Figure 3.5), with no plastic strength (sin (j) = 0), 

which creates favourable conditions for subduction to initiate (Gerya, 2010, pp. 274-275). Free slip 

boundary conditions were used on all boundaries and for all tests (Figure 3.5). Full details on the 

method are provided in Gerya (2010) and Gerya and Yuen (2007). Values of the used quantities are 

reported in Table 3.8 (Ranalli, 1995; Clauser & Huenges, 1995) . 

 

 

Results of our numerical analysis show that in H-divergent models (Figures 3.6c and 3.6d) the slab 

reach a higher depth and has a steep angle, whereas in H-convergent ones is standing close to shallow 

depths and is less steep. In fact, in Figure 3.6c, the slab has a dip angle that goes from about 30° (at 

a depth of 150 km) to about 60° at the tip (~550 km), whereas model in Figure 3.6d maintains a slab 

dip of about 50° from the point at which the slab enters the mantle to its tip (at a depth of ~350 km). 

Material	 ρ	(kg/m3
)	 k	(W/m/K)	 Hr	(W/m

3
)	 Cp	(J/kg)	 sin(ϕ)	 α	(1/K)	 Flow	Law	 η0	(Pa

n
	s)	 n	 Thickness	(km)	

Sediments	 2700	 0.64	+	
#$%
&'%%	 1.00	×	10

-6	
1000	 0.030	 3	×	10

-5	
Wet	Qz.	 	1.97	×	10

17	
2.3	 1		

Upper	cont.	crust	 2800	 0.64	+	
#$%
&'%%	 1.00	×	10

-6	
1000	 0.200	 3	×	10

-5
	 Wet	Qz.	 						1.97	×	10

17
	 2.3	 20	

Lower	cont.	crust	 2900	 1.18	+	
(%(
&'%%	 5.00	×	10

-7	
1000	 0.200	 3	×	10

-5
	 Pl.	(An75)	 						4.80	×	10

22
	 3.2	 15	

Upper	oceanic	crust	 3200	 1.18+	
(%(
&'%%	 2.50	×	10

-7
	 1000	 0.030	 3	×	10

-5
	 Wet	Qz.	 	1.97	×	10

17
	 2.3	 2	

Lower	oceanic	crust	 3200	 1.18	+	
(%(
&'%%	 2.50	×	10

-7
	 1000	 0.200	 3	×	10

-5
	 Pl.	(An75)	 						4.80	×	10

22
	 3.2	 5	

Low	Velocity	Zone	 3300	 0.73	+	
)*+,
&'%%	 2.20	×	10

-8
	 1000	 0.600	 3	×	10

-5
	 Dry	Ol.	 						3.00	×	10

18*
	 3.5	 120	

Mantle	 3300	 0.73	+	
)*+,
&'%%	 2.20	×	10

-8
	 1000	 0.600	 3	×	10

-5
	 Dry	Ol.	 					3.98	×	10

16
	 3.5	 664-692	

Weak	Zone	 3300	 0.73	+	
)*+,
&'%%	 2.20	×	10

-8
	 1000	 0.030	 3	×	10

-5
	 Wet	Ol.	 					5.01	×	10

20
	 4.0	 -	

	

	
	

  
 

Table 3.8 - Reference rheological (Ranalli, 1995) and thermal (Clauser & Huenges, 1995) parameters of materials used 
for the experiments. In this table 𝝆 corresponds to the density, k to the thermal conductivity, Hr to the radiogenic heat production, 
Cp to the heat capacity, sin(ϕ) to the friction, α to the thermal expansion, η0 to the initial viscosity, n to the stress exponent. 

 * 𝜼0 = 𝜼 eff 
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Slab dip angles for H-convergent models (Figures 3.6a and 3.6b) are about 20° on average, with no 

significant changes of inclination. 

 

 
Figure 3.6 - Supporting numerical model results. This figure follows the same order of the Figure 3.5, where model setup is shown. 
Evolution of subducting plate is shown at 7 Myr. Models M1 (a, c) are models without LVZ and with subduction rate 𝑉% applied all 
along the lateral boundary of the domain. Models M2 (b, d) are models in which LVZ is integrated and the subduction rate  𝑉% is applied 
only to the lithosphere. Numbers are volumes LV, obtained by the product of the subducted area - the crossed lines - by length of 1800 
km for H-divergent and of 2000 km for H-convergent subductions. Results are about 7.8 km3/yr for H-convergent models and about 
11.8 km3/yr for H-divergent ones, supporting our kinematics analysis. 

 

Finally, we evaluate the area of each subducted slab and together with an average trench length of 

1800 km for H-divergent and of 2000 km for H-convergent subduction zones we compute the 

resulting volume of the lithosphere subducted per year (Figure 3.6). To compute the area of the 

subducted slabs obtained from our numerical analysis, we digitalized the data starting from the point 

of incipient curvature, considering the lithosphere above the 1300°C isotherm (i.e., the bottom of the 

lithosphere). The selected slab points were then used to compute the slab area with the method of 

coordinates (i.e., Gauss’s area formula). During the selected time interval of 7 Myr, the slab in Figure 

3.6c is approximately 200 km deeper than the one in Figure 3.6d, and volumes of subducting 

lithosphere are about 11.8 km3/yr for H-divergent (Figures 3.6c and 3.6d) and about 7.8 km3/yr for 

H-convergent models (Figures 3.6a and 3.6b).  
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3.6 Discussion 
 
The kinematic analysis proposed in this Chapter provides an asymmetric slab dynamics at subduction 

zones. Many asymmetries in geological and geophysical observations can be detected at subduction 

zones in their slab dip, kinematics of the subduction hinge, morphology, structural elevation, gravity 

anomalies, heat flow, metamorphic evolution, subsidence and uplift rates, depth of the décollement 

planes, mantle wedge thickness, magmatism, backarc development or not (e.g., Cuffaro and Doglioni, 

2018; Doglioni et al., 2009; Harabaglia & Doglioni, 1998; Marotta & Mongelli, 1998; Nelson & 

Temple, 1972; Stevenson & Turner, 1977; Tovish et al., 1979). Results reported in Figures 3.2-3.4 

and 3.6 shows that subduction zones with opposite motion of the subduction hinge, i.e., convergent 

or divergent with respect to the fixed upper plate, provide differences in the velocity of the subduction 

process and, consequently, distinct amounts of lithosphere volume recycled within the mantle can be 

computed, e.g., about 190 km3/yr and 91 km3/yr for H-divergent and H-convergent slabs respectively. 

This occurs even though (i) the H-convergent slabs have a greater total length with respect to the H-

divergent ones (about 32443 km and 23768 km, respectively, Figure 3.2), and (ii) the average 𝑉+ in 

the H-divergent subduction zones appears to be comparable to the average 𝑉+of the H-convergent 

ones (49.8 mm/yr and 52.0 on average, respectively, Figure 3.3). Comparisons among the obtained 

data (Figures 3.2-3.4) show that, with respect to the quantities 𝑉+ and l, there is no relation between  

the discrepancy of the computed volumes 𝐿𝑉 at subduction zones with H-divergent and H-convergent 

hinge. On the contrary, the variation of the velocity 𝑉% (Figure 3.4) contributes to the volume 𝐿𝑉 

changes, pointing out the importance of the role of subduction rate in subduction zones dynamics. 

Numerical experiments where 𝑉% is used as boundary condition, i.e., the subducting slab velocity, 

enforce this crucial role. In our models, regardless the used setup, slabs characterized by a 𝑉% that 

takes into account the divergent motion of the subduction hinge are steeper and deeper, allowing a 

deeper recycling within the mantle. On the contrary, slabs with a 𝑉% that accounts for a convergent 

motion of the subduction hinge are shallower and less steep. This implies that, on the same time 

interval equal to 7 Myr, different volumes of lithosphere sink into the mantle being 11.8 km3/yr and 

7.8 km3/yr for H-divergent and H-convergent hinge (Figure 3.6). 

The integration of a LVZ decoupling layer in the models and the use of velocity 𝑉% as boundary 

condition applied to the lithosphere only, instead of the lateral boundary (Gerya, 2010), provide new 

insights on the dynamics of the sinking slabs at subduction zones. This condition produces different 

coupling/decoupling, and related dragging effects, between the lithosphere and the mantle. In fact, a 

higher depth of the slab in Figure 3.6c, can be addressed to the absence of the LVZ that, because of 

a higher coupling between the lithosphere and the mantle, provides a strong dragging effect of the 
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slab at higher depths. This is also enhanced by 𝑉% applied to the entire boundary of the model and 

results in a higher depth of the subducting slab of about 200 km with respect to the one in Figure 

3.6d. This latter seems not to be affected by these constraints, being VS applied to the lithosphere 

only, and also for the presence of the LVZ, that acts as a decoupling layer. 

The work done in this Chapter suggests that plate kinematic constraints contribute on the knowledge 

of subduction zone dynamics. Only if considering the 𝑉% subduction rate as the main kinematic initial 

and boundary condition, numerical modeling provides results comparable with the asymmetries 

observed by geological and geophysical data at subduction zone worldwide. This parameter	𝑉%, in 

fact, is the only one including variation carried by the transient motion of the subduction hinge. When 

analyzing subduction zones kinematics and dynamics, thus, convergence rate should be substituted 

with subduction rate to avoid any underestimation or overestimations in both numerical and kinematic 

analysis.  

Furthermore, H-divergent subduction zones appears to be coincident with subduction zones having 

“westward”-directed slabs, whereas H-convergent are compatible with those that have “eastward-to-

northeastward”-directed slabs (Doglioni & Panza, 2015). The exceptions to this geographic polarity 

are due to the Philippines and northern Japan subduction zones. Especially for the northern Japan, 

this subduction zone could be considered as transitional, i.e., an intermediate case of subduction 

where the Neogene W-directed subduction system is presently starting to flip, having the backarc 

basin started to shrink (Doglioni et al., 2007; Doglioni et al., 2006; Mazzotti et al., 2001). However, 

on the basis of this geographical polarity of subducting slabs, the computed volumes given by Japan 

and Philippine slabs can contribute on the lithosphere sinking at the W-directed subduction zones.  

Under this assumption, the obtained lithospheric volume estimation gives ~214 km3/yr and ~91 

km3/yr of subducting lithosphere at subduction zones with W-directed and E-to-NE-directed slabs, 

respectively. This enforces the contribution in lithosphere recycling of the W-directed subduction 

zones and entails that W-directed slabs produce more than twice the lithospheric sinking into the 

mantle with respect to E-to-NE-directed ones. In accordance with the conservation of mass principle, 

this volumetric asymmetry in the mantle suggests a displacement of ~120 km3/yr of mantle material 

from the west to the east, providing a constraint for a global asymmetric mantle convection (Figure 

3.7). Here we consider the larger fraction of the displacement occurring in a mainly horizontal 

direction, neglecting the other components. 
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Figure 3.7 - Subduction asymmetries and related global mantle flow. Topography and earthquakes hypocenters (Heuret & 
Lallemand, 2005) at subduction zones that point to their asymmetries, due to the kinematics of the subduction hinge and the 
geographical polarity. Here the asymmetry in volumes of subducted lithosphere is striking. Since ~214 km3/yr of lithosphere are 
currently subducting below subduction zones with mainly W-directed slabs (in blue) whereas only ~91 km3/yr are subducting below 
subduction zones with mainly E to NE-directed slabs (in red), we would expect that about 120 km3/yr of material moves from W to E 
within the mantle, consequently leading to a global “eastward” mantle flow. 

 

3.7 Conclusions 
 
In this Chapter, we analyzed subduction zones on the basis of the different kinematics of their 

subduction hinge with respect to the fixed upper plate. It produces a discrepancy in volumes of 

subducted lithosphere, e.g., ~190 km3/yr vs ~91 km3/yr and suggests asymmetric dynamics at 

subduction zones. This difference in subducted lithospheric volumes is related to the almost four 

times higher 𝑉% of the H-divergent subductions with respect to the H-convergent subduction zones. It 

is important to note that this analysis is entirely independent from any mantle reference frame and 

holds regardless any dynamic model of subduction driving mechanism. Numerical modeling of 

subducting lithosphere into the mantle with the use of subduction rate 𝑉% instead of the convergence 

rate 𝑉+ enforces the obtained asymmetries. 

Lastly, it is worth noting that most of the subduction zones in which the hinge is moving away from 

the upper plate is characterized by a mainly W-directed slab and extensional stresses within the upper 

plate, that consequently leads to the opening of a backarc basin. In the most of the W-directed 

subduction zones, e.g., along the western side of the Pacific Ocean, there is the absence of high 

orogens. Conversely, subduction zones with a hinge moving towards the upper plate are mostly 
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characterized by a mainly E-to-NE-directed slab, e.g., along the eastern side of the Pacific Ocean, 

and a strong compressional stress within the upper plate can be observed, leading to the building of 

the highest mountain belts in the world.  
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Chapter 4 
 

Plate tectonics and mantle convection: a 

numerical study 
 

4.1 Introduction 
 

The analysis about different kind of interactions between plate tectonics and mantle convection at 

convergent plate boundaries tackled in this dissertation has been realized, up to now, using 2d 

numerical models in rectangular boxes numerical domain. 

In this section, 2d and 3d numerical models in a spherical domain will be shown. The aim of this 

analysis was to test the interplay between subduction dynamics and mantle convection in absolute 

and relative reference frames on a spherical geometry. To do this, we used the Advanced Solver for 

Problems in Earth’s ConvecTion (ASPECT, Bangerth et al., 2018; Kronbichler et al., 2012) finite 

element parallel code, with the purpose of testing the asymmetries of subduction zones related to the 

“westward” drift of the lithosphere. This preferential motion of plates along the tectonic equator was 

simulated integrating plate motions in a shallow hotspot reference frame (Cuffaro & Doglioni, 2007) 

within the code. However, this reference frame was compared with angular vectors provided by Seton 

et al. (2012), in a conventional deep hotspot reference frame. 

Nevertheless, being this the very first analysis of the interaction between global plate motions and 

mantle convection (particularly referring to the use of a shallow hotspot reference frame) using the 

ASPECT code, here strengths and weaknesses of this method were evaluated, in view of a possible 

future research. 

The use of a spherical shell domain for these numerical models was important to avoid side boundary 

effects due to the rectangular box geometry domain and, furthermore, to consider the Earth’s 

sphericity. Previously the flux was allowed to enter and flow out with periodic boundary conditions 

(Chapter 2) or was not allowed to flow in or out the computational domain (Chapter 3). 

Two absolute plate motions reconstructions (data provided by Seton et al., 2012 and data in Table 

4.1) have been used to constrain plate kinematics as boundary conditions in almost all the models that 

were realized. Exception are two numerical models in which relative reference systems were used, 

i.e., with respect to South America and Marianas plate fixed. Relative reference frames were taken 
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with respect to these two subduction zones because they clearly represent the two end-members of 

subduction zones described in this dissertation. Furthermore, the faster Pacific plate subducting below 

the Marianas plate leads to a clearer subducting slab with respect to the slower Philippine Sea plate. 

Starting from our computational framework, moving on to the choice of the method used and its 

description, a characterization of both kinematic and rheological applied boundary conditions will be 

made for each model. Then, the results will be shown. In the last part of this section, discussion and 

critical issues will be addressed, togheter with future possibilities of improvement for the obtained 

results. 

 

4.2 Numerical modeling 
 

Numerical modeling tool used for the realization of this section was the ASPECT 2.0.0 code 

(Bangerth et al., 2018; Kronbichler et al., 2012), published under the GPL2 license. ASPECT is an 

advanced code based on the Finite Element Method (FEM) and it was mainly developed to solve 

convection problems in the Earth’s mantle.  

The cornerstones on which ASPECT is built (Bangerth et al., 2018) are also the principal reasons 

why it has been chosen to realize numerical model of this thesis last Chapter. In fact, among others, 

i) it is extendible by other users, whom constantly can contribute to determine which are the essential 

feature in the Earth’s convection that needs to be included or improved; ii) it efficiently solves 

complex algorithms (such as, adaptive mesh refinement, linear and nonlinear solvers, etc.); iii) it 

involves the entire community of ASPECT users, that are welcomed to give their contribution and 

actively develop the code. 

Thus, since it is a continuously evolving code, subsequent versions may differ from the one used to 

realize this dissertation numerical models. A short summary of the governing equations solved by 

ASPECT, as well as method used for their solution and the time discretization is given in Section 

4.2.2. For more information, the reader is referred to Kronbichler et al. (2012) and Bangerth et al. 

(2018).  

For this dissertation ~160 models were realized. Nonetheless, 16 models will be shown that were the 

most representative of the carried analysis and are, for instance, 14 in 2d and two in 3d. 14 are in 

absolute reference frames (seven in a deep hotspot reference frame and seven in a shallow hotspot 

reference frame), whereas two in relative reference frames (in a South American reference frame and 

in Marianas plate reference frame). Basically, it is again important to mention that each model 

realized in an absolute reference frame has been tested both in a deep and in a shallow hotspot 

reference frame. 
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4.2.1 Computational Framework  
 

The available computational framework during the realization of these numerical models was 

composed of one MacBook Pro with a 2.6 GHz Intel Core i5 processor, one iMac with a 4GHz Intel 

Core i7 processor, two DELL workstations both with a native Ubuntu 16.04 LTS OS and a 

3.60GHz	×	8 Intel Core i7-7700 CPU processor. On the first two machines an Ubuntu operative 

system was mount using the Oracle VirtualBox virtual machine (Version 5.1.26 r117224 (Qt5.6.2)) 

on a macOS 10.13.6 version.  

Although ASPECT is designed to support hundreds or thousands of processors working together 

(Bangerth et al., 2018), we used at maximum 6 processors working together. This allowed a total 

computational time spent of about 36 weeks, of which just 6 were used for the computation of one 

3d model. 

 

4.2.2 ASPECT  
 

Like numerical codes previously presented in this dissertation solving the Stokes equation, ASPECT 

assumes a highly viscous fluid-like behaviour of the Earth solid part. Thus, its continuum mechanics 

mathematic formulations include the solution of the governing conservation of momentum (4.1), 

mass (4.2) and energy (4.3) equations (Schubert et al., 2001). ASPECT solves this system in a 2- or 

3-dimensional domain Ω and can solve it for both compressible and incompressible flow using the 

Boussinesq approximation and omitting the inertial term (i.e., using an infinite Prandtl number). The 

governing equations are: 

 

−𝛻	 ∙ 	 2𝜂 𝜀 𝐮 − E
´
∇ ⋅ 𝐮 𝟏 + ∇𝑝 = 𝜌𝐠     in Ω,          (4.1) 

            ∇ ⋅ 𝜌𝐮 = 0     in Ω,          (4.2) 

           𝜌𝐶n
.L
.M
+ 𝐮 ⋅ ∇𝑇 − ∇ ⋅ 𝑘∇𝑇 = 𝜌𝐻  

        +2𝜂 𝜀 𝐮 − E
´
∇ ⋅ 𝐮 𝟏 ∶ 𝜀 𝐮 − E

´
∇ ⋅ 𝐮 𝟏                        (4.3) 

        +𝛼𝑇 𝐮 ⋅ ∇𝑝  

        +𝜌𝑇∆𝑆 .¼
.M
	+ 	𝐮 ⋅ ∇𝑋    in Ω, 

      .¾;
.M
+ 	𝑢 ⋅ ∇𝑐? = 0     in Ω, 𝑖 = 1…𝐶        (4.4) 
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where, 𝜂 is the viscosity, 𝜀 𝐮 	= 	 E
F
∇𝐮 + ∇𝐮L  is the symmetric gradient of velocity, i.e., the strain 

rate, 𝐮 is the velocity vector, assuming a linear dependence of density 𝜌 = 	𝜌b 1 − 𝛼 𝑇 − 𝑇b , being 

𝜌b and 𝑇b the reference density, 𝛼 the linear thermal expansion coefficient, temperature, respectively, 

𝑇 is the temperature, 𝐠 is the gravity vector, 𝐶n is the specific heat capacity, t is time, 𝑘 is the thermal 

conductivity, 𝐻 is the intrinsic specific heat production, 𝑝 is the pressure, ∆𝑆 is the change in entropy 

at a phase transition, together with the derivatives of the phase function X = X(p, T, c, x), where c is 

the compositional field and x the spatial variable, with respect to temperature and pressure, thus 𝑐? is 

a set of advected quantities, called compositional fields by the authors (Bangerth et al., 2018). 

Equation (4.1) and (4.2) togheter are the compressible Stokes equation. Equation (4.3) is the 

temperature equation, coupled to the Stokes system, that has the heat conduction terms and the 

advection with the flow velocity 𝐮. The right-hand side terms of this equation are the i) internal heat 

production, e.g., radioactive decay, ii) frictional heating, iii) adiabatic compression of material and 

iv) phase change. The last term of the temperature equation represents the latent heat generated or 

consumed in when phase change of material occurs. Furthermore, for each compositional field 𝑐?, 

this formulation introduces an additional advection equation (4.4) to the system of described 

equations (4.1)-(4.3). All models in this Chapter use the Anelastic Liquid Approximation (ALA) 

variation for equations (4.1)-(4.3). This approximation considers the perturbation 𝑝B and 𝑇B much 

smaller than reference quantities values 𝑝 and 𝑇. This influences terms in the continuity equation, 

i.e., ∇ ⋅ 𝜌𝑢 = 0, and in the temperature equation, i.e., 𝜌 𝑝, 𝑇 . Thus, here the density variations 

𝜌 𝑝, 𝑇 −	𝜌 can be described by its Taylor expansion: 

 

    𝜌 𝑝, 𝑇 ≈ 𝜌 + .Á n,L
.n

𝑝B + .Á n,L
.L

𝑇′                                                (4.5) 

 

where, second term is related to the compressibility 𝑘 and the third to the thermal expansion 

coefficient 𝛼. Moreover, the ALA approximation assumes that density variations with respect to the 

reference value can be neglected in mass conservation and temperature equations (see Bangerth et 

al., 2012 and King et al., 2010). To solve the system of equations presented above, ASPECT uses the 

FEM (Finite Element Method). With this method, the domain is discretized into smaller 

quadrilateral/hexahedral finite elements and the solution, i.e., velocity, pressure, temperature and 

compositional fields, is then assembled into the larger system of equations using Lagrange 

polynomials as interpolating basis functions. The model geometry is a spherical shell going from the 

surface to the CMB, mostly taking into account fase transitions, such as the lithosphere thickness, 

i.e., 100 km, the 410 km discontinuity and 670 km discontinuity. The model is initially defined on a 
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regular grid, i.e., cells having the same height, width and depth, i.e., in 3d domains (Figure 4.1). In 

all the 2d models the coarsest mesh was refined five times globally, i.e., every cell was refined into 

four children five times. In 3d models the coarsest mesh was refined three times globally, i.e., every 

cell was refined into four children three times, globally. This was principally made to shorten the 

computational time. In its calculations, ASPECT uses the Adaptive Mesh Refinement (AMR) 

method, which allows the local refinement and coarsening of the grid during the simulation, being 

hundred and thousand times faster (in 2d and 3d, respectively) than using a regular grid keeping the 

same high resolution (Bangerth et al., 2018; Kronbichler et al., 2012). For the evolution through time 

of numerical simulations, the Courant-Friedrich-Lewy (CFL) condition (Anderson, 1995) is used in 

ASPECT and must be satisfied for every cell 𝐾 in the domain (4.6). 

 

       

 

 

 

 

Figure 4.1 – Example of the 2d (panel c) and 3d (panel d) mesh grid at the initial stage. The view is from the 
South Pole in panels c) and d). Panel (a) shows a view on the model slice from South America (in bold), whereas 
panel (b) shows the model slice from a Pacific point of view (Japan in bold). The models are initially defined on a 
regular grid, i.e. cells having the same height, width and depth (in 3d). In its calculations, ASPECT uses the Adaptive 
Mesh Refinement (AMR) method, which allows the local refinement and coarsening of the grid during the 
simulation.  
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                                                                    ÃM∥𝐮∥Å,Æ
ÇÆ

	≤ 𝐶.                                  (4.6) 

 

This means that for each model the timestep is chosen so that a point in an advected cell does not 

move further than C times its diameter. This value is usually stable between zero and one, although 

values higher than one are stable as well in ASPECT (Kronbichler et al., 2012). In this dissertation 

models C is always set to 1.0. The CFL method is an efficient solution to the important problem of 

choosing the timestep size in numerical models. In fact, for too large or too small timesteps, the solver 

may not be able to find a good solution, wasting a lot of computational time. ASPECT is a modular 

code. The core code which solves basic equations communicates with attached plugins (i.e., small 

codes covering a single function, that can be easily attached and detached from ASPECT core, e.g., 

the plugin which calculates the model initial temperature field) and libraries on which ASPECT is 

built that are: i) p4est (Burstedde et al., 2011), that contains code to build adaptive meshes;  ii) deal.II 

(Bangerth et al., 2007), a finite element library that implements the use of meshes built by p4est and 

discretization; TRILINOS (Heroux et al., 2005), that contains solvers to perform linear algebra 

calculations. Moreover, to prevent the users from recompiling ASPECT at each model run, an 

external input file (example in Figure 4.2), including runtime parameters defined and changed by the 

user, is read by ASPECT every time a model starts to run. In this file, parameters are divided in 

subsections, whereas global parameters are outside the subsection.  

 

Figure 4.2 – External input file. This is an example of external input file 
in which global parameters are the first five rows, outside of the 
subsections. 
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4.3 Plate motions boundary conditions 
 

To achieve plate motions simulation on numerical models in a spherical shell domain, the ASPECT 

code efficiently interfaces to the widely used plate reconstruction software GPlates. This allowed to 

include plate surface velocities as boundary condition for the outer shell of the model domain, to 

prescribe its velocity according to a specific plate motions reconstruction. As already mentioned, the 

purpose was to test a proposed geological model and investigate lithosphere-mantle interactions. 

 

4.3.1 GPlates  

 

GPlates (Boyden et al., 2011) is an open-source software for plate tectonics interactive visualization 

developed by the EarthByte Project (School of Geosciences – University of Sydney, Division of 

Geological and Planetary Sciences – CalTech, Center for Geodynamics – Norwegian Geological 

Survey). For extensive documentation, the reader is referred to the GPlates website 

(http://www.gplates.org). To effectively take plate reconstruction models from GPlates and include 

it into ASPECT, several steps were followed, starting from the acquisition of closed dynamic 

polygons proposed by Seton et al. (2012) and rotation files covering the entire model domain 

corresponding to the plate reconstruction model. GPlates software, in fact, considers plates as 

polygons, which rotate around a pole with a specific assigned velocity. For this Chapter, we used 

Pacific angular vectors by Wessel and Kroenke (2008) including relative plate and microplates 

motions provided by Seton et al. (2012) for the deep hotspot reference frame hypothesis. Concerning 

the shallow hotspot reference frame, Pacific angular vectors proposed by Wessel and Kroenke (2008) 

were used, which we have first integrated into the Pacific shallow hotspots, following the methods 

proposed by Doglioni et al. (2005), Cuffaro and Doglioni (2007), Doglioni et al. (2015) and Cuffaro 

and Doglioni (2018), so that we obtained results reported in Table 4.1. Considering that ASPECT 

needs velocity vectors defined at individual surface points, the second step is to generate the “velocity 

domain points”, i.e., discrete points at which velocity information are evaluated by GPlates. The 

output of this operation is a general Latitude/Longitude grid, which has nodes on all crossing points, 

so that it is easy for ASPECT to interpolate it to the nodes position during the model run. This is due 

to the adaptive mesh refinement used by ASPECT that does not make possible for GPlates to import 

velocities for a specific surface node position. Furthermore, since the GPlates velocity output is 

always 3d, its ASPECT plugin allows for both 2d and 3d numerical calculations. ASPECT’s 2d 

simulations projects plate velocities into the model plane, that is rotated according to an orientation 
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specified by the user. This is done prescribing two points that define the plane, considering that in the 

used ASPECT’s version only great-circle slices are allowed. Coordinates for these two points need 

to be expressed in radians and in spherical coordinates 𝜃 (i.e., the colatitude, with its 0 corresponding 

to the north pole) and 𝜑 (i.e., having its 0 at the Greenwich meridian, with positive eastwards). 

Through this approach, computations are performed on 2d slices chosen with arbitrary Earth’s 

coordinates, using realistic plate motions velocities as surface boundary conditions. 2d numerical 

models presented in this dissertation has been carried out on 2d slices corresponding to the tectonic 

equator (as described in Section 1.2.1). On this equator, lithospheric plates show a mean faster motion 

and, besides, it perpendicularly crosses two of the most important and different subduction zones in 

the world, i.e., Japan and South America, that can be, thus, taken as reference for comparison on 

subduction dynamics. Furthermore, here numerical models are carried out in both absolute and 

relative reference frames. For instance, 14 models are described in absolute reference frames (seven 

in a deep hotspot reference frame and seven in a shallow hotspot reference frame), whereas two in 

relative reference frames (i.e., in a South America and Marianas plates fixed reference frame). 3d 

numerical models were carried out in absolute reference frames (one in a deep hotspot and one in a 

shallow hotspot reference frame). However, surface plate kinematics included in this thesis models 

is shown in Figures 4.3-4.7, so that an overall vision of what is happening on the surface of each 

model computed is always available for the reader. A picture of the surface kinematics corresponding 

to the specific model step will be also shown as a small feature in figures of each result that will be 

presented in the results section. 
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4.3.2 Surface boundary conditions  
 

Numerical models carried out in absolute reference frames were realized using both a deep hotspot 

reference frame (angular vectors provided by Seton et al., 2012) and a shallow hotspot reference 

frame (Table 4.1). Two among the 14 models in absolute reference frames were realized using the 

current day plate motions velocities applied continuously for 140 Myr, whereas for the others the 

plate motions evolution (i.e., from 140 Myr to 0 Myr) were implemented (Table 4.2).  

Plate kinematics evolution through the last 140 Myr, corresponding to the two reference frames, are 

shown in Figures 4.3, 4.4 and Figures 4.5, 4.6, respectively. In these figures the tectonic equator 

corresponds to the black solid line and points to the plane on which the models lie.  

However, the following Table 4.2 describes the models surface boundary conditions. 

Pacific  
ID 

Time  
(Ma) 

Latitude 
(°N) 

Longitude 
(°E) 

Angle (°) 
Fixed Plate 

ID 
901 0.78 49.30 -49.5 2.04 002b 
901 2.58 53.72 -56.88 5.32 002b 
901 5.89 59.65 -66.05 10.78 002b 
901 8.86 62.87 -70.87 16.46 002b 
901 12.29 65.37 -68.68 20.60 002b 
901 17.47 68.25 -61.53 31.00 002b 
901 24.06 68.78 -69.83 40.80 002b 
901 28.28 67.72 -70.80 47.20 002b 
901 33.54 66.57 -68.73 55.40 002b 
901 40.10 65.43 -64.25 63.20 002b 
901 47.91 63.02 -66.68 69.20 002b 
901 53.35 60.60 -69.67 72.20 002b 
901 61.10 56.93 -72.93 76.80 002b 
901 74.50 50.03 -78.35 88.00 002b 
901 83.50 47.30 -82.10 97.60 002b 
901 95.00 46.90 -82.68 108.20 002b 
901 106.20 51.32 -85.12 120.20 002b 
901 112.30 52.17 -85.80 124.80 002b 
901 118.40 52.53 -80.33 133.00 002b 
901 125.00 54.13 -88.18 139.20 002b 
901 131.90 56.22 -112.25 157.20 002b 

	Table 4.1 – Shallow hotspot reference frame rotations. Pacific Plate (ID: 901) finite rotations with respect to the 
shallow hotspot reference frame (ID: 002b) in the time interval 140–0 Ma. Modified after Wessel and Kroenke (2008) 
and reported as Seton et al. (2012). 
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MODEL NAME EQUATOR 
PLATE MOTIONS 

VELOCITY 
REFERENCE FRAME 

basic1 tectonic current day deep hotspot 

basic2 tectonic current day shallow hotspot 

basic3 tectonic evolution deep hotspot 

basic4 tectonic evolution shallow hotspot 

vp1 tectonic evolution deep hotspot 

vp2 tectonic evolution shallow hotspot 

isehar1 tectonic evolution deep hotspot 

isehar2 tectonic evolution shallow hotspot 

majol1 tectonic evolution deep hotspot 

majol2 tectonic evolution shallow hotspot 

majfo89_1 tectonic evolution deep hotspot 

majfo89_2 tectonic evolution shallow hotspot 

majol_sa modified tectonic current day relative to South America 

majol_ma modified tectonic current day relative to Marianas 

majol3d_1 tectonic evolution deep hotspot 

majol3d_2 tectonic evolution shallow hotspot 

Table 4.2 - Surface boundary conditions for all described models. Seven main models, each done in both deep and shallow hotspot 
reference frames, give 14 models in absolute reference frames plus two in relative reference frame (wrt South America and Marianas 
fixed plates). In this table are the model name, the equator on which the model lie and the implemented plate kinematics, both in terms 
of evolution of plate motions or not and corresponding reference frame. Rotation pole coordinates for the modified tectonic equator 
are longitude 100°E and latitude 65°S. 
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Figure 4.3 - Plate kinematics in the deep hotspot reference frame. These pictures are plate 
motion evolution through the last 140 Myr from a South America point of view. Rotations 
collected by Seton et al. (2012). In black the numerical models plane, i.e., the tectonic equator. 
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Figure 4.4 - Plate kinematics in the deep hotspot reference frame. These pictures are plate 
motion evolution through the last 140 Myr from a Pacific point of view. Data about angular 
vectors provided by Seton et al. (2012). In black the numerical models plane, i.e., the tectonic 
equator. 
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Figure 4.5 - Plate kinematics in a the shallow hotspot reference frame. These pictures are 
plate motion evolution through the last 140 Myr from a South America point of view in a shallow 
hotspot reference frame (Table 4.1). In black the numerical models plane, i.e., the tectonic 
equator. 
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Figure 4.6 - Plate kinematics in a shallow hotspot reference frame. These pictures are plate 
motion evolution through the last 140 Myr from a Pacific point of view, in a shallow hotspot 
reference frame (Table 4.1). In black the numerical models plane, i.e., the tectonic equator. 
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To allow a comparison with models shown in the previous Chapter of this thesis two models in a 

relative reference frame were realized. Plate kinematics for the reference frame relative to fixed South 

America and Marianas plates are in Figure 4.7. Constant current plate velocities with respect to South 

America and Marianas plate were used cutting the numerical model slices on a tectonic equator 

slightly modified to be orthogonal to both these subduction zones (Figures 4.7a and 4.7b, solid black 

line). This modified version of the tectonic equator has rotation pole coordinates of longitude 100°E 

and latitude 65°S.  

 

Figure 4.7 - Plate kinematics in a relative reference frame. This picture represents plate motions in both South America and Pacific 
point of view, in a relative reference frame. Panel a represents velocities for plates in a South America reference frame, whereas panel 
b shows velocities in a Marianas reference frame. In black the numerical models plane, i.e. the tectonic equator, slightly modified to 
be orthogonal to both reference plates. The modified version of the tectonic equator has rotation pole coordinates of longitude 100°E 
and latitude 65°S.  
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4.4 Rheology 
 

Numerical models of this numerical analysis were realized also testing rheologies, starting from a 

simple one to a more complicated one. As mentioned before, the ASPECT code is a modular code, 

i.e., it is composed from a number of modules (e.g., for mesh refinement, boundary conditions, initial 

condition etc.). One of them is the Material model module, within which rheologies are implemented. 

In this way, ASPECT allows for the usage of several rheologies through the computation of functions 

for the principal rheological parameters, e.g., density, viscosity, specific heat, thermal expansion, 

conductivity and diffusivity.  

In the next sections, rheologies used for numerical models showed in this Chapter will be described 

starting from the simple to the complex one. For instance, in this order, four models were realized 

using the Simple Material model, two with the Visco Plastic Material model and 10 using reference 

profiles read from ASCII data files specified by the user. These ASCII data files were generated using 

the BurnMan (Cottaar et al., 2014; Cottaar et al., 2017) open source software, a thermodynamic and 

geophysics toolkit for the Earth and planetary sciences (http://www.burnman.org), that will be 

quickly introduced in the following sections.  

 

4.4.1 Simple Material model  
 

This Material model is one of the simplest that the ASPECT code can offer. In this model density and 

viscosity have thermic and compositional dependencies, whereas the other coefficients are kept 

constant. For viscosity and density this material model uses the following set of equations: 

 

                                                 𝜂 𝑝, 𝑇, 𝐜 = 𝜏 𝑇 𝜁 𝐜 𝜂b,             (4.7) 

     𝜌 𝑝, 𝑇, 𝐜 = 1 − α T − 𝑇b 𝜌b + ∆𝜌	𝑐b           (4.8) 

 

In these equations, if compositional fields are used, 𝑐b represents the first component of the 

compositional vector c. If compositional fields are not used, like in this thesis models, then its value 

is zero. 𝜏 𝑇  is the viscosity temperature pre-factor and it is defined as follows: 

 

                                             𝜏 𝑇 = 𝐻 𝑒z
Ï ÐÑÐÒ

ÐÒ ,															𝐻 𝑥 =
𝜏𝑚𝑖𝑛														if	𝑥 < 𝜏𝑚𝑖𝑛,
𝑥						if	10−2 ≤ 𝑥 ≤ 102,
𝜏𝑚𝑎𝑥													if	𝑥 > 𝜏𝑚𝑎𝑥,

     (4.9) 
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where 𝑇 and 𝐻 are again the temperature and intrinsic heat capacity respectively, whereas 𝛽 is the 

thermal viscosity exponent and 𝑇b is the reference temperature and can be both set by the user in the 

input parameter file. 𝜏ØU1 and 𝜏Ø?Ù are the maximum and minimum temperature pre-factors values. 

If compositional fields are used, 𝜁 𝐜  corresponds to the viscosity compositional pre-factor, whereas 

α and ∆𝜌 are, respectively, the thermal expansion coefficient and the density differential for 

compositional fields. This model uses an incompressible medium and pressure and temperature are 

computed in adiabatic conditions. Its adiabatic domain temperature is always chosen significantly 

higher (~1330 °C or 1600 K) with respect to the actual surface temperature (~0°C or ~273 K). The 

bulk mantle, in fact, is in thermal equilibrium with a temperature that is ~1600 K, thus for temperature 

and pressure to be good starting points for nonlinear solvers, this is a reasonable adiabatic surface 

temperature to have a well-mixed temperature within the entire domain (Bangerth et al., 2018). 

Otherwise, the very low actual Earth’s surface temperature and the very high one at the core-mantle 

boundary, would simply induce characteristic thermal boundary layers (at 0 km and 2900 km, i.e., 

the top and bottom of the domain) from which plumes rise and sink (Bangerth et al., 2018). In 

numerical models of this section a fixed temperature is prescribed at the top and bottom of the domain, 

so that there is heat flux throughout these two boundaries. Models that were carried out with this 

Simple Material model are four, i.e., basic1, basic2, basic3 and basic4 and their main parameters are 

in Table 4.3. These models differ for their surface velocities boundary conditions: i) models basic1 

and basic2 use the current day plate motions velocity all along the entire model run (140 Myr), 

whereas models basic3 and basic4 implement plate motions evolution for the last 140 Myr (Table 

4.2); ii) models basic1 and basic3 are in a deep hotspot reference frame, whereas models basic2 and 

basic4 are in a shallow hotspot reference frame (Table 4.2) 
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GLOBAL PARAMETERS 
MODEL NAME basic1, basic2, basic3, basic4 
DIMENSION 2 
END TIME 140 Myr 
ADIABATIC SURFACE TEMPERATURE 1600 K 
MATERIAL MODEL 
MODEL NAME Simple 
REFERENCE VISCOSITY 1.00E+22 
THERMAL VISCOSITY EXPONENT 5.00 
GEOMETRY MODEL 
MODEL NAME Spherical Shell 
INNER RADIUS 3481000 m 
OUTER RADIUS 6336000 m 
 MODEL SETTINGS 
FIXED TEMPERATURE BOUNDARY 
INDICATORS inner, outer 

BOUNDARY TEMPERATURE MODEL 
MODEL NAME Spherical Constant 
OUTER TEMPERATURE 273 K 
INNER TEMPERATURE 2600 K 
INITIAL TEMPERATURE MODEL Adiabatic 
GRAVITY MODEL 
MODEL NAME Radial Constant 
MAGNITUDE 10 
MESH REFINEMENT 
INITIAL GLOBAL 5 
INITIAL ADAPTIVE 1 
TIME STEPS BETWEEN MESH 
REFINEMENT 2 

Table 4.3 – Main input parameters of the basic1-4 models. Models basic1 and basic2 use the current day plate motions velocity all 
along the entire model run (140 Myr), whereas models basic3 and basic4 implement plate motions evolution for the last 140 Myr 
(Table 4.2); ii) models basic1 and basic3 are in a deep hotspot reference frame, whereas models basic2 and basic3 are in a shallow 
hotspot reference frame (Table 4.2). 
 

4.4.2 Visco Plastic Material model  
 

This Material model takes into account both plastic and non-linear viscous deformation. It allows the 

usage of different flow laws, such as dislocation creep, diffusion creep or combinations of them. 

Viscous stresses are bounded from the Drucker-Prager yield criterion and, for dislocation and 

diffusion creep, the viscosity, in ASPECT, is characterized as follows (Billen & Hirth, 2007): 

 

   𝑣 = 0.5	𝐴z
Ü
Ý	𝑑

Þ
Ý 	𝜀??

ÜÑÝ
Ý 	𝑒𝑥𝑝 ßà$á

ÙâL
.                                             (4.10) 

 

In the formula above, 𝐴 is the pre-factor, 𝑛 is the stress exponent, 𝑑 is the grain size, 𝑚 is the grain 
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size exponent, 𝜀?? is the square root of the second invariant of the deviatoric strain rate tensor, 𝐸 is 

the activation energy, 𝑃 is the pressure, 𝑉 is the activation volume, 𝑅 is the gas exponent and 𝑇 is the 

temperature. Here 𝐴 is determined by Viscosity. The viscosity change depends on a list of Viscosity 

pre-factors and of depths at which each pre-factor should be applied. In these models, viscosity jumps 

are set at 150, 410 and 660 km depth. The equation above assumes different forms depending on the 

chosen flow law. The diffusion form 𝑣G?KK has 𝑛 = 1	 and 𝑚! = 0, whereas the dislocation form 𝑣G?Vm 

assumes values of 𝑛 > 1	and 𝑚 = 0. A form in which both the previous ones are combined is also 

possible, in this case the equation becomes 
/h;gg×/h;ij
/h;ggà/h;ij

.  

Since models that uses such visco-plastic rheology in this thesis are in 2d, the corresponding form for 

the yield stress is: 

 

    𝜎4 = 𝐶 cos 𝜙 + 𝑃 sin 𝜙 ,                                                            (4.11) 

 

where 𝐶 is the cohesion and 𝜙 is the angle of internal friction. The above form corresponds to the 

Mohr-Coulomb yield surface whereas, if 𝜙 = 0 then 𝜎4 is constant and equal to 𝐶 (i.e., Von Mises 

yield criterion).  

In numerical models of this section the fixed temperature is prescribed at the top of the domain, so 

that there is heat flux throughout this boundary.  

Models that were carried out with this Visco Plastic Material model are two, i.e., vp1 and vp2, and 

their main parameters are in Table 4.4. These models differ only for their surface velocities boundary 

conditions. In fact, model vp1 is in a deep hotspot reference frame, whereas model vp2 is in a shallow 

hotspot reference frame (Table 4.2). 
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GLOBAL PARAMETERS 
MODEL NAME vp1, vp2 
DIMENSION 2 
END TIME 140 Myr 
ADIABATIC SURFACE TEMPERATURE 1600 K 
MATERIAL MODEL 
MODEL NAME Visco Plastic 
REFERENCE VISCOSITY 1.00E+21 
THERMAL VISCOSITY EXPONENT 0.00 
VISCOSITY PRE-FACTORS 10.0, 0.1, 1.0, 10.0 
GEOMETRY MODEL 
MODEL NAME Spherical Shell 
INNER RADIUS 3481000 m 
OUTER RADIUS 6336000 m 
 MODEL SETTINGS 
FIXED TEMPERATURE BOUNDARY 
INDICATORS outer 

BOUNDARY TEMPERATURE MODEL 
MODEL NAME Spherical Constant 
OUTER TEMPERATURE 273 K 
INNER TEMPERATURE 2600 K 
INITIAL TEMPERATURE MODEL Adiabatic 
GRAVITY MODEL 
MODEL NAME Radial Constant 
MAGNITUDE 10 
MESH REFINEMENT 
INITIAL GLOBAL 5 
INITIAL ADAPTIVE 1 
TIME STEPS BETWEEN MESH 
REFINEMENT 2 

Table 4.4 – Main input parameters of the vp1 and vp2 models. These models differ only for surface velocities boundary conditions. 
In fact, model vp1 is in a deep hotspot reference frame (see Table 4.2) and model vp2 is in a shallow hotspot reference frame (see Table 
4.2). 

 
4.4.3 ASCII Reference Profile Material model 
 

The ASCII classes, in ASPECT, allow ASCII data files to be read by plugins (i.e., boundary and 

initial conditions, material models, etc.). This ASCII data file has to contain information about depth, 

pressure, temperature, density, gravity, thermal expansion, specific heat and compressibility for each 

point of the numerical domain. 

These data were generated using the BurnMan thermodynamic toolkit (Cottaar et al., 2014; Cottaar 

et al., 2017) and used in models providing a constraint for material model, adiabatic conditions and 

gravity model. In this model, the viscosity is computed as a function of the depth direction 𝑧 of the 

model geometry and on its dependence on temperature 𝑇, as follows: 
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     𝜂 𝑧, 𝑇 = 𝜂T 𝑧 𝜂b𝑒𝑥𝑝 −𝐴 LzLéh;éê
Léh;éê

.                                   (4.12) 

 

In this expression, the constants 𝐴 and 𝜂b are set by Viscosity and Thermal viscosity exponent 

parameters. 𝜂T 𝑧  is the viscosity profile function, with which the viscosity changes depending on a 

list of Viscosity pre-factors and of depths at which each pre-factor should be applied. In these models, 

viscosity jumps are set at 150, 410 and 660 km depth and pre-factors determine an asthenosphere 

with a low viscosity and a lower mantle with high viscosities. Harmonic averaging of material 

properties is implemented to avoid numerical problems due to viscosity jumps, so that accurate 

solutions and acceptable computational time are preserved. Basically, an evaluation on each 

computed quantity (i.e., viscosity, density, compressibility etc.) is made at every quadrature point, 

replacing the values with their harmonic average: 

 

      𝑥 = E
y

E
1;

y
?ëE

zE
			                                                (4.13) 

 

In numerical models of this section the fixed temperature is prescribed at the top of the domain, so 

that there is heat flux throughout this boundary.  

Models that were carried out with this Material model are 10, i.e., isehar1, isehar2, majol1, majol2, 

majfo89_1, majfo89_2, majol_sa, majol_ma, majol3d_1 and majol3d_2 and their main parameters 

are in Tables 4.4-4.7. These models differ i) for their surface velocities boundary conditions, in fact, 

model isehar1, majol1, majfo89_1 and majol3d_1 are in a deep hotspot reference frame; models 

isehar2, majol2, majfo89_2 and majol3d_2 are in a shallow hotspot reference frame, whereas 

majol_sa, and majol_ma are in reference frames relative to South America and Marianas plate (Table 

4.2); their rheologic profiles were generated using the BurnMan Thermodynamic Toolkit (Cottaar et 

al., 2014; Cottaar et al., 2017), that will be briefly introduced in the next section.  

 

4.4.3.1 The BurnMan Thermodynamic Toolkit and the initial compositions 

 
This software allows the calculus of the Earth’s and other planets physical properties (e.g., isotropic 

thermoelastic moduli). It solves the equations-of-state (EoS) for a mixture of minerals given by the 

user, that can either select them from the available extensive mineral database (Holland & Powell, 

2011; Stixrude & Lithgow-Bertelloni, 2005) or easily create them. For the models of this thesis, first 

the isentropic harzburgitic mantle composition (models isehar1 and isehar2) given in the ASPECT 

cookbook was used from 0 km to 2900 km (Bangerth et al., 2018). Then, a majoritic composition was 
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used down to 100 km (Griffin et al., 2009), i.e., characterizing the lithosphere, whereas two olivinic 

composition were used as simple starting mantle composition: i) Fo50, i.e., models majol1, majol2, 

majol_sa, majol_ma, majol3d_1 and majol3d_2 (Boneh et al., 2017; Nekvasil et al., 2004) and then 

ii) Fo89, i.e., models majfo89_1 and majfo89_2 (Bina, 1998; Mitra, 2004; Raye et al., 2011). 

Furthermore, to obtain the thermodynamic properties of both given lithospheric and mantle 

compositions, temperature and pressure were calculated starting from the PREM model (Dziewonsky 

& Anderson, 1981) and then given to the BurnMan software as an additional constraint. The physical 

properties, i.e., density, thermal expansivity, specific heat and compressibility were calculated by 

BurnMan using the Birch-Murnaghan (Birch, 1947; Murnaghan, 1944) with thermal correction EoS 

(Mie-Grüneisen-Debye; Stixrude & Lithgow-Bertelloni, 2005).  

The Birch-Murnaghan isothermal equation relates volume and pressure and is defined as follows: 

 

    𝑓 = E
F

á
áÒ

zF
´ − 1 ,            (4.14) 

 

where 𝑉b is the volume at a reference pressure and 𝑉 is the volume at a given pressure. For an isotropic 

material, pressure 𝑃 , isothermal bulk modulus 𝐾L and shear modulus 𝐺 are obtained, respectively, 

using: 

   𝑃 = 3𝐾b𝑓(1 + 2𝑓)
í
F 1 + ´

F
𝐾bB − 4 𝑓 ,           (4.15) 

𝐾L = 1 + 2𝑓 í
F 𝐾b + 3𝐾b𝐾bB − 5𝐾b 𝑓 +

Fï
F
(𝐾b𝐾bB − 4𝐾b)𝑓F ,        (4.16) 

𝐺 = 1 + 2𝐹 í
F 𝐺b + 3𝐾b𝐺bB − 5𝐺b 𝑓 + (6𝐾b𝐺bB − 24𝐾b − 14𝐺b +

ò
F
𝐾b𝐾bB)𝑓F ,  (4.17) 

 

in which 𝐾b and 𝐺b correspond to reference bulk and shear modulus, whereas 𝐾bB and 𝐺bB  are derivative 

of the same moduli with respect to pressure. Correction from Stixrude and Lithgow-Bertelloni (2005) 

were applied to equation (4.15-4.17), giving: 

 

𝑃MÇ(𝑉, 𝑇) =
ó∆-
á

,                                                 (4.18) 

𝐾MÇ 𝑉, 𝑇 = 𝛾 + 1 − 𝑞 ó∆-
á
− 𝛾F ∆(ôõL)

á
,                                             (4.19) 

       𝐺MÇ 𝑉, 𝑇 = − eö∆-
á

.                                            (4.20) 

 

In these set of equations, 𝛾 is the Grüneisen parameter (which describes the effect that change on 

temperature has on size and dynamics of a crystal; Grüneisen, 1912), 𝑞 represents its logarithmic 
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volume derivative, 𝜂% its shear strain derivative, each ∆ refers to the difference from the reference 

temperature, 𝐶á is the heat capacity at a constant volume and 𝑈 the internal energy for temperature 

𝑇. For a detailed description, the reader is referred to Stixrude and Lithgow-Bertelloni (2005), Cottaar 

et al. (2014) and Cottaar et al. (2017). 

Numerical models realized using these Material model constraints are: i) isehar1, isehar2 which have 

the same rheologic profile (isentropic harzburgitic mantle; Bangerth et al., 2018) and deep and 

shallow hotspot reference frames respectively (Table 4.2); ii) majol1, majol2 with the majoritic 

lithosphere and the Fo50 mantle (Boneh et al., 2017; Griffin et al., 2009; Nekvasil et al., 2004), and, 

respectively, deep and shallow hotspot reference frames (Table 4.2); iii) majfo89_1 and majfo89_2, 

with a majoritic lithosphere and the Fo89 mantle (Bina, 1998; Mitra, 2004; Raye et al., 2011), and 

deep and shallow hotspot reference frames as surface velocities boundary conditions (Table 4.2); iv) 

models majol_sa, majol_ma, in reference frames relative to South America and Marianas, 

respectively (Table 4.2), using the majorite-Fo50 rheology and, lastly, v) models majol3d_1, 

majol3d_2, carried out using this same rheology, but in 3d and using absolute reference frames and, 

in particular, deep hotspot and shallow hotspot reference frame, respectively (Table 4.2). However, 

in Tables 4.5-4.8 a summary of the principal input used to perform these numerical models are shown. 
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GLOBAL PARAMETERS 
MODEL NAME isehar1, isehar2 
DIMENSION 2 
END TIME 140 Myr 
MATERIAL MODEL 
MODEL NAME ASCII Reference Profile: isentrope harzburgitic 
REFERENCE VISCOSITY 1.00E+21 
THERMAL VISCOSITY EXPONENT 10.00 
VISCOSITY PRE-FACTORS 1.0, 0.1, 1.0, 10.0 
GEOMETRY MODEL 
MODEL NAME Spherical Shell 
INNER RADIUS 3481000 m 
OUTER RADIUS 6336000 m 
 MODEL SETTINGS 
FIXED TEMPERATURE BOUNDARY 
INDICATORS outer 

BOUNDARY TEMPERATURE MODEL 
MODEL NAME ASCII Reference Profile: isentrope harzburgitic 
OUTER TEMPERATURE 273 K 
INNER TEMPERATURE 3500 K 
INITIAL TEMPERATURE MODEL Adiabatic 
GRAVITY MODEL 
MODEL NAME ASCII Reference Profile: isentrope harzburgitic 
MESH REFINEMENT 
INITIAL GLOBAL 5 
INITIAL ADAPTIVE 1 
TIME STEPS BETWEEN MESH 
REFINEMENT 5 

Table 4.5 – Main input parameters of the isehar1 and isehar2 models. These models differ only for surface velocities boundary 
conditions. In fact, model isehar1 is in a deep hotspot reference frame (see Table 4.2) and model isehar2 is in a shallow hotspot 
reference frame (see Table 4.2). 
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GLOBAL PARAMETERS 
MODEL NAME majol1, majol2, majol_sa, majol_ma 
DIMENSION 2 
END TIME 140 Myr 
MATERIAL MODEL 
MODEL NAME ASCII Reference Profile: majorite-Fo50 
REFERENCE VISCOSITY 1.00E+21 
THERMAL VISCOSITY EXPONENT 10.00 
VISCOSITY PRE-FACTORS 1.0, 0.1, 1.0, 10.0 
GEOMETRY MODEL 
MODEL NAME Spherical Shell 
INNER RADIUS 3481000 m 
OUTER RADIUS 6336000 m 
 MODEL SETTINGS 
FIXED TEMPERATURE BOUNDARY 
INDICATORS outer 

BOUNDARY TEMPERATURE MODEL 
MODEL NAME ASCII Reference Profile: majorite-Fo50 
OUTER TEMPERATURE 273 K 
INNER TEMPERATURE 3500 K 
INITIAL TEMPERATURE MODEL Adiabatic 
GRAVITY MODEL 
MODEL NAME ASCII Reference Profile: majorite-Fo50 
MESH REFINEMENT 
INITIAL GLOBAL 5 
INITIAL ADAPTIVE 1 
TIME STEPS BETWEEN MESH 
REFINEMENT 5 

Table 4.6 – Main input parameters of the majol1, majol2 and majol_sa, majol_ma models. These models differ only for surface 
velocities boundary conditions. In fact, model majol1 is in a deep hotspot reference frame (see Table 4.2) and model majo2 is in a 
shallow hotspot reference frame (see Table 4.2), whereas models majol_sa and majol_ma are in reference frames relative to South 
America and Marianas plate fixed, respectively (Table 4.2). 
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GLOBAL PARAMETERS 
MODEL NAME majfo89_1, majfo89_2 
DIMENSION 2 
END TIME 140 Myr 
MATERIAL MODEL 
MODEL NAME ASCII Reference Profile: majorite-Fo89 
REFERENCE VISCOSITY 1.00E+21 
THERMAL VISCOSITY EXPONENT 10.00 
VISCOSITY PRE-FACTORS 1.0, 0.1, 1.0, 10.0 
GEOMETRY MODEL 
MODEL NAME Spherical Shell 
INNER RADIUS 3481000 m 
OUTER RADIUS 6336000 m 
 MODEL SETTINGS 
FIXED TEMPERATURE BOUNDARY 
INDICATORS outer 

BOUNDARY TEMPERATURE MODEL 
MODEL NAME ASCII Reference Profile: majorite-Fo89 
OUTER TEMPERATURE 273 K 
INNER TEMPERATURE 3500 K 
INITIAL TEMPERATURE MODEL Adiabatic 
GRAVITY MODEL 
MODEL NAME ASCII Reference Profile: majorite-Fo89 
MESH REFINEMENT 
INITIAL GLOBAL 5 
INITIAL ADAPTIVE 1 
TIME STEPS BETWEEN MESH 
REFINEMENT 5 

Table 4.7 – Some of the main input parameters of the majfo89_1 and majfo89_2 models. These models differ only for surface 
velocities boundary conditions. In fact, model majfo89_1 is in a deep hotspot reference frame (see Table 4.2) and model majfo89_2 is 
in a shallow hotspot reference frame (see Table 4.2). 
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GLOBAL PARAMETERS 
MODEL NAME majol3d_1, majol3d_2 
DIMENSION 3 
END TIME 140 Myr 
MATERIAL MODEL 
MODEL NAME ASCII Reference Profile: majorite-Fo50 
REFERENCE VISCOSITY 1.00E+21 
THERMAL VISCOSITY EXPONENT 10.00 
VISCOSITY PRE-FACTORS 1.0, 0.1, 1.0, 10.0 
GEOMETRY MODEL 
MODEL NAME Spherical Shell 
INNER RADIUS 3481000 m 
OUTER RADIUS 6336000 m 
 MODEL SETTINGS 
FIXED TEMPERATURE BOUNDARY 
INDICATORS outer 

BOUNDARY TEMPERATURE MODEL 
MODEL NAME ASCII Reference Profile: majorite-Fo50 
OUTER TEMPERATURE 273 K 
INNER TEMPERATURE 3500 K 
INITIAL TEMPERATURE MODEL Adiabatic 
GRAVITY MODEL 
MODEL NAME ASCII Reference Profile: majorite-Fo50 
MESH REFINEMENT 
INITIAL GLOBAL 3 
INITIAL ADAPTIVE 0 
TIME STEPS BETWEEN MESH 
REFINEMENT 10 

Table 4.8 – Main input parameters of the majol3d_1 and majol3d_2 models. These models are in 3-dimensions and differ only for 
surface velocities boundary conditions. In fact, model majol3d_1 is in a deep hotspot reference frame (see Table 4.2) and model 
majol3d_2 is in a shallow hotspot reference frame (see Table 4.2). 
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4.5 2d results in absolute reference frames  
 

In the following subsections, results of this numerical study will be described. They will be divided 

first for the reference frame, the geometry used and then, when needed, for their rheologic profile. 

We referred the reader to the previous recap Tables 4.2-4.8 for quantities used in these numerical 

models. For each model, figures with the initial thermal stage for the entire spherical domain will be 

shown at the beginning of each subsection, whereas the last step, i.e., 0 Myr - current day stage, of 

each model will be described in a quarter annulus which is ~8000 km wide. However, figures showing 

steps corresponding to 110, 90, 60 and 30 Myr of each model can be found in the Appendix B (Figures 

B.1-B.60). Moreover, the spherical shell of each model will be shown first from a South America 

point of view, then from a Pacific point of view. At the end of each description, the data analysis will 

be shown, with information about both depth and velocity evolution of the lithosphere deepest point 

(picked following a line of reasoning like in Figure 4.8) using timesteps evolution: each timestep 

corresponds to 10 Myr (e.g., timestep 14 = 140 Myr, timestep 7 = 70 Myr, etc., to timestep 0 = 0 Myr, 

i.e., current day).  

 

Figure 4.8 – Determination of the chosen deepest lithosphere point for the depth and velocity data analysis. At each timestep, 
depth (dn) and velocity (vn) data were evaluated for the deepest point within the lithospheric slabs, pointed from red circles. In this 
picture Tn corresponds to the timesteps, dashed and plain lines represents 100 km, 410 and 670 km depths. Figure not in scale. 
n=14,…,0 
 

These data are the result of a long-term evolution of plate motions that obviously leads to a sequence 

of subducting slabs and/or thickening lithosphere through time (as shown in Figure 4.9 and in 

Appendix B Figures B.1-B.60). However, to characterize the current subduction dynamics, only the 

depth and velocity evolution of the tectonic setting described at step 0, i.e., 0 Myr, is shown (e.g., 

Figure 4.9). Moreover, to allow a better comparison between the two end-members subduction zones, 
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on the basis of their geographical polarity useful to test the westward drift of the lithosphere along 

the tectonic equator, data will be shown only for points in correspondence of South America (E-to-

NE-directed and H-convergent subduction zone) and Japan-Marianas subduction zones (W-directed, 

H-divergent subduction zones); e.g., in Figure 4.9, different slabs, in black, are spread all around the 

Indo-Pacific area , but only the red-squared data, that corresponds to the Japanese slab, will be shown 

for Figure 4.20). 

 

 

Here numerical results in absolute reference frames will be shown. For instance, 2d models realized 

with a Simple Material model, i.e., basic1, basic2, basic3, basic4, with a Visco Plastic Material 

model, i.e., vp1, vp2, and with an ASCII Material model, i.e. isehar1, isehar2 isentrope harzburgitic 

Figure 4.9 - Data description example. To characterize the current subduction dynamics, in this results 
section, only the depth and velocity evolution of the tectonic setting described at step 0, i.e. 0 Myr, is 
shown. Moreover, to allow a better comparison between the two end-members subduction zones, on the 
basis of their geographic polarity useful to test the westward drift of the lithosphere along the tectonic 
equator, data will be shown only for points in correspondence of South America and Japan-Marianas 
subduction zones. E.g., different slabs, in black, are spread all around the Indo-Pacific area , but only the 
magenta-colored data, that corresponds to the current Japanese lithosphere, will be shown for Figure 4.20. 
As can be seen from its miniature in the upper left part of the Figure, older shifted slabs correspond to older 
shown data. 
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models; majol1, majol2 majorite-Fo50 models; majfo89_1, majfo89_2 majorite-Fo89 models. It is 

important to remember that models with plate motions evolution as surface boundary conditions start 

with velocities corresponding to 140 Myr and end with current plate motions velocities (i.e., 0 Myr).  

 

4.5.1 Model basic1 
 

In Figure 4.10 the thermal initial stage of the entire spherical domain is shown. This initial stage is 

the same for all models presented in this subsection, i.e., models basic1, basic2, basic3 and basic4, 

since they were carried out using the same Simple Material model. 

 

In this Figure 4.10, the lithosphere (in blue) is 100 km thick along the entire spherical shell and two 

thermal boundary layers can be seen at the top and the bottom of the domain, corresponding to the 

minimum, i.e., the surface at 0°C, and the maximum, i.e., the core-mantle boundary at 2330°C, 

temperature.  

The last step of basic1 model is shown in Figure 4.11. This model is made applying constant current 

plate motions velocity (i.e., at 0 Myr) in a deep hotspot reference frame (data about angular vectors 

provided by Seton et al., 2012) as boundary conditions for the entire model run, i.e., 140 Myr that 

were arbitrary divided for sake of simplicity in 14 Steps of 10 Myr each. South America (Figure 

4.11, upper panel): starting from the western part of the model, the lithosphere, in blue, is thinner 

with respect to the initial stage, at which its thickness is 100 km. The lithospheric thickness increase 

towards the South American continent, going eastward, reaching its maximum close to the slab, with 

a wedge that has a thickness of about 400 km. The slab reaches the depth of 1300 km. Velocity vectors 

show a subduction direction that goes from E to W. Note that in this model there is an unexpected 

Figure 4.10 – Initial thermal stage for models basic1, basic2, basic3, basic4. This is the 
thermal state at the initial stage. Two thermal boundary layers can be seen at the top and the 
bottom of the domain, corresponding to the minimum (i.e., the lithosphere) and the 
maximum (i.e., the core-mantle boundary) temperature. The temperature is expressed in C°. 
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slab direction. Velocities on the surface are higher towards the W for the Pacific plate, whereas are 

lower towards the E on the surface of the Nazca plate. Velocity vectors increase again on the South 

American plate surface, in the easternmost part of the quarter annulus. 

 

 

Velocity vectors at the bottom of the domain follow the CMB thermal boundary layer, and are smaller 

in the westernmost part of the model domain, increase in its central part, decreasing again in its 

easternmost part of the annulus. The temperature at the bottom of the lithosphere is of ~1230°C, 

whereas at the CMB is constant at about 2330°C. In the central part of the domain the temperature is 

homogeneous, having a value of ~1330°C. However, this layer is ~160 km thick, and shows incipient 

plumes rising in its easternmost part. Pacific (Figure 4.11, lower panel): starting from the W, the 

lithosphere is about 410 km thick. Then it thickens extending from Indonesia to Japan, being ~600 

km depth in its deepest part, below the Sunda plate. Then the lithosphere thickness decrease towards 

the E, reaching a depth of ~150 km on the easternmost part of the spherical domain. Velocity vectors 

are short under the Indo-Australian and Eurasia plates, whereas they noticeably increase under the 

Pacific plate. In fact, the increasing thickness of the lithosphere follows an E-W direction. At the 

CMB, the maximum thermal boundary layer has a constant thickness of ~100 km. Here, the velocity 

Figure 4.11 - Step 0 relative to the model basic1. A view on South America in the upper panel, shows that the slab reaches the depth 
of 1300 km, whereas velocity vectors show a subduction direction that goes from E to W. The lower panel shows the Pacific side of 
the quarter annulus. Here an almost homogeneously ~600 km thick lithosphere is shown. Velocity vectors are noticeably high under 
the Pacific plate, pointing to an E-W direction of the subduction direction. Globes in the right part of this figure show surface plate 
kinematics at this stage in a deep hotspot reference frame, with the black line suggesting the position of the tectonic equator, along 
which the 2d slice of this model is cut. Profiles A-A’ and B-B’ show the lateral extension of the quarter annulus, whereas the dashed 
Trench line points to the location where the trench should approximately be. 
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vectors are higher in the western part of the quarter annulus and decrease towards the E. The 

temperature at the bottom of the lithosphere is of ~1230°C, whereas at the CMB is constant at about 

2330°C. In the central part of the domain the temperature is homogeneous, having a value of 

~1330°C.  

 

 

In Figures 4.12 and 4.13 depth and velocity data are shown for this model, at each 10 Myr step. 

For South America (Figure 4.12, upper panel), the increase in depth is more or less constant at 500 

km depth each 40 Myr for the first 80 Myr of the model run, passing over the 670 km discontinuity 

(red dashed line) at about 80 Myr. The slab depth is almost constant at 1000 km between 60 and 40 

Figure 4.12 – Depth (upper panel) and velocity (lower panel) data for the South American area of model 
basic1. The slab depth (upper panel) increases with time, passing over the 670 discontinuity (red dashed line) at 
about 80 Myr. Velocities (lower panel) abruptly decrease from about 75 mm/yr to 20 mm/yr, value that is kept 
constant until the end of the model run. 
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Myr and it increase again of 500 km in the last 40 Myr of the model run. The slab tip velocity (Figure 

4.12, lower panel) is on average very fast at the beginning (~80 mm/yr) but it decreases during the 

first 30 Myr of the model run, being constant at 20 mm/yr for the remaining time.  

 

 

Below the Japanese area (Figure 4.13, upper panel), the lithosphere thickens almost homogeneously 

slowly during the entire model run, increasing consistently its depth for the first 30 Myr of the model 

run. Between 110 and 70 Myr its thickness is constant, whereas it starts to slowly increase again 

Figure 4.13 – Depth and velocity data for Japanese area in model basic1. The slab depth (upper panel) slowly 
increases with time, doesn’t passing over the 670 discontinuity (red dashed line). Velocity (lower panel) for the 
thickened lithosphere segment in the Japanese area is constant for the entire model run at about 75 mm/yr. 
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between 60 and 40 Myr. It is constant for the last steps of the model run. The velocity (Figure 4.13, 

lower panel) of the thickened lithosphere portion is high (~75 mm/yr). 

 

4.5.2 Model basic2 
 

In Figure 4.14, the last step of the basic2 model is shown. This model is made applying constant 

current plate motions velocity (i.e., at 0 Myr) in a shallow hotspot reference frame (Table 4.1) as 

boundary conditions for the entire model run, i.e., 140 Myr arbitrary divided into 14 Steps of 10 Myr 

each. South America (Figure 4.14, upper panel): the lithosphere is ~100 km thick at the 

westernmost boundary of the quarter annulus, increasing its depth going towards the E, reaching the 

maximum depth of approximately 400 km below the South American continent and decreasing at the 

easternmost boundary of the annulus to ~300 km depth. Velocity vectors have a westward direction 

along the entire quarter annulus surface, but are slightly faster in the eastern part, for the South 

American plate with respect to the westernmost Nazca and Pacific. Furthermore, the Pacific plate is 

faster with respect to the Nazca plate, having both the same westward direction. Note that in this 

model there is an unexpected slab direction. Velocity vectors at the CMB layer have the same 

velocity, and seem to have a vigorous motion. Velocity vectors within the mantle, however, show a 

shorter length with respect to the superficial vectors. Temperature at the top of the model domain is 

0°C and its of ~1230°C at the bottom of the lithosphere. The bottom thermal boundary layer, at the 

CMB is homogeneously ~200 km thick, whereas in the middle of the model domain the temperature 

is constant at ~1330°C. Pacific (Figure 4.14, lower panel): looking at this side of the spherical shell 

domain, the lithosphere is homogeneously thick ~400 km almost along the entire annulus. Velocity 

vectors are westward directed but are shorter in the westernmost part of the domain, in 

correspondence of the Indo-Australian and Eurasia plates, whereas are noticeably longer for the 

Pacific plate that shows, thus, the higher velocities.  

Velocities decrease within the mantle, reaching the CMB thermal boundary layer that however shows 

a vigorous westward rotation, although at a slower velocity with respect to the surface. In Figure 4.14, 

the temperature at the top boundary layer is 0°C and its of ~1230°C all along the entire model 

lithosphere bottom. The CMB, at ~2900 km depth, is ~170 km thick, whereas at the W and E 

boundaries of the model domain incipient plumes starts to rise. In the middle of the model domain 

the temperature is constant at ~1330°C. 
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The following Figures 4.15 and 4.16 show depth and velocity data for model basic2, respectively for 

the South American and Indo-Pacific area, every 10 Myr step. In Figure 4.15 (upper panel), for the 

first 30 Myr of the model run the lithospheric thickness below the South American plate is constant 

at the initial condition of 100 km. The lithosphere thickness then increases homogeneously 

throughout the entire model domain, slowly reaching ~400 km depth at the last step. The velocity 

(Figure 4.15, lower panel) along the lithosphere bottom is constant throughout the entire model run 

at about 83 mm/yr. 

 

 

 

 

 

Figure 4.14 - Step 0 relative to the model basic2. A view on South America in the upper panel shows that the lithosphere reaches the 
depth of ~400 km with an almost homogeneous thickness, whereas velocity vectors show an overall westward direction of the plate 
motion, although at different velocities. The lower panel shows the Pacific side of the annulus. Here an almost homogeneously ~400 
km thick lithosphere is shown. Velocity vectors are noticeably high under the Pacific plate, pointing to an E-W direction of plate 
motion. Globes in the right part of this figure show surface plate kinematics in a shallow hotspot reference frame at this stage, with the 
black line suggesting the position of the tectonic equator, along which the 2d slice of this model is cut. Profiles C-C’ and D-D’ show 
the lateral extension of the quarter annulus. The dashed Trench line points to the approximate position of where the subduction trench 
should be. 
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In the Japanese area (Figure 4.16, upper panel), until 110 Myr, the thickness of the lithosphere is 

constant at the initial condition of 100 km. Its thickness increases homogeneously throughout the 

entire model surface, slowly reaching ~400 km depth at the last step. The velocity (Figure 4.16, lower 

panel) at the lithosphere bottom is constant throughout the entire model run at about 180 mm/yr. 

 

 

 

Figure 4.15 – Depth (upper panel) and velocity (lower panel) data for the South American area of model basic2. 
After an initial stagnant phase, the slab depth (upper panel) slowly increases with time, reaching about 400 km depth, 
being far from the 670 km discontinuity (red dashed line). Velocities (lower panel) are constant from the start to the 
end of the model run at about 83 mm/yr. 
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 4.5.3 Model basic3 
 

Figure 4.17 shows the step 0 of the model basic3. In this model the evolution of plate motions 

velocity, i.e., from 140 to 0 Myr, in a deep hotspot reference frame (rotation data provided by Seton 

et al., 2012) is applied as surface boundary conditions, for a total runtime of 140 Myr corresponding 

to arbitrary defined 14 Steps of 10 Myr each. 

Figure 4.16 – Depth (upper panel) and velocity (lower panel) data for Japanese area in model basic2. The slab 
depth (upper panel) slowly increases with time does not crossing over the 670 km discontinuity (red dashed line). 
Velocity (lower panel) for the thickened lithosphere segment in the Japanese area is constant for the entire model run at 
about 180 mm/yr. 
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South America (Figure 4.17, upper panel): at current plate motions, after 140 Myr of plate surface 

velocity evolution, starting from the westernmost boundary of the domain, a very thin lithosphere can 

be observed. Going eastward along the model domain, the lithosphere reaches the depth of ~700 km 

on the westernmost side of the Atlantic Ocean, almost below the eastern side of the South American 

continent, whereas below central Atlantic Ocean it reaches ~580 km depth. The lithosphere becomes 

again thinner at the easternmost boundary of the domain. 

In the westernmost boundary of the model domain, velocity vectors show a spreading ridge between 

the Pacific and the Nazca plates. Furthermore, a plume coming from the CMB arises in the middle of 

the ridge, curving slightly towards the E and reaching a superficial depth of about 350-400 km. 

Another plume arises from the CMB at the easternmost side of the domain, as shown by both 

temperature field and velocity vectors, touching the depth of the 670 km discontinuity. Furthermore, 

velocity vectors show an eastward direction of motion for the Nazca plate, so that the thickened area 

almost below the South American coastline seems to have a direction of accumulation that goes from 

Figure 4.17 - Step 0 relative to the model basic3. A view on South America in the upper panel, shows that the lithosphere reaches 
the depth of ~700 km on the westernmost side of the Atlantic Ocean, almost below the eastern side of the South American continent, 
whereas below central Atlantic Ocean it reaches ~580 km depth. Velocity vectors show an eastward direction of the plate motion for 
the Nazca plate, so that the western thickened area direction of accumulation seems to be from W to E. The easternmost boundary of 
the South American plate is going westward at this stage. In the lower panel the Pacific side of the annulus is shown. At this stage 
two slabs can be seen, a shallower one below Indonesia (~810 km) and a deeper one below Japan (~2400 km). Velocity vectors are 
very high under the Pacific plate, pointing to an E-W direction of plate motion. Globes in the right part of this figure show surface 
plate kinematics in a deep hotspot reference frame at this stage, with the black line suggesting the position of the tectonic equator, 
along which the 2d slice of this model is cut. In profiles E-E’ and F-F’ the lateral extension of the described annulus can be seen 
whereas the dashed Trench line indicates where the subduction trench should be. 
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W to E. The easternmost boundary of the South American plate is going westward at this stage, 

suggesting an E-W direction of accumulation for the thickened area that is located almost below the 

mid-Atlantic Ocean. Velocities decrease from the surface to the bottom of the domain, but they are 

higher close to the CMB and in the plume zones. In fact, velocity vectors along the bottom thermal 

boundary layers point to a vigorous motion of the bottom part of the domain, being higher in 

correspondence of the two arisen plumes, towards the surface. Temperature at the bottom of the 

lithosphere is of about 1230°C, whereas it is about 0°C at its top. At the CMB the temperature is of 

about 2330°C and the thickness of this layer is very thin, except for the two areas where plumes arisen 

towards the surface of the model domain, maintaining a temperature of ~2330°C. in the middle of the 

domain, the temperature is constant at about 1330°C. Pacific (Figure 4.17, lower panel): the Pacific 

side of the annulus shows a 100 km thick lithosphere at its westernmost boundary, that thickens 

towards the east reaching a depth of ~810 km below Indonesia. Below the Eurasian plate, between 

Indonesia and Japan, an almost homogeneous zone of 350 km thickness can be observed. This zone 

ends in correspondence of Japan, where a very wide and ~2400 km deep slab can be seen. The 

lithosphere then becomes thinner again, reaching the initial condition of ~100 km at the easternmost 

side of the domain, below the Pacific Ocean. Velocity vectors are very high under the Pacific plate, 

pointing to an E-W direction of plate motions and, thus, of the subducting lithosphere. Velocity 

vectors are very small within the mantle, but they increase from the slab tip to the CMB, towards the 

W. Temperature at the lithosphere bottom is of about 1230°C along the entire model domain, whereas 

it is about 0°C at its top. At the CMB the temperature is of about 2330°C and the thickness of this 

layer is about 100 km, that increases to ~170 towards the W, together with corresponding velocity 

vectors along this same surface. Its temperature is of about 2330°C and in the middle of the domain, 

the temperature is constant at about 1330°C.  

In Figures 4.18 and 4.19 data about depth and velocities for each arbitrary defined step of 10 Myr of 

the model run are shown. 
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Figure 4.18 shows the evolution of depth and velocities of the two lithospheric thickened zones for 

South America. The thickened zone increases its depth (Figure 4.18, upper panel) with time and, 

when reaching the 670 km discontinuity at about 80 Myr, it stagnates at this depth until the end of 

the model run. For what regards the velocity data (Figure 4.18, lower panel), the lithosphere velocity 

evolution starts from about 10 mm/yr at 120 Myr. It is constant until 100 Myr, increasing up to 30 

mm/yr at 90 Myr. Velocity then has a value 0 mm/yr from 70 to 40 Myr, with a peak to 20 mm/yr at 

60 Myr. At 30 Myr it reaches 30 mm/yr, decreasing down to 10 mm/yr at 0 Myr. 

For the Japanese area, depth and velocity data are shown by Figure 4.19. The slab depth (Figure 4.19, 

Figure 4.18 – Depth (upper panel) and velocity (lower panel) data for the South American area of model basic3. The 
thickened zone increases its depth with time (upper panel) and, when reaching the 670 km discontinuity at about 80 Myr, it 
stagnates at this depth until the end of the model run. For what regards the velocity data (lower panel), the lithosphere 
velocities reach their maximum value of 10 mm/yr at 90 Myr and 30-20 Myr, whereas its minimum value of 0 mm/yr is 
reached at step 7, 5 and 4. 
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upper panel) starts to constantly increase with time until about 100 Myr, time at which it reaches the 

670 discontinuity (red dashed line) and stagnate on it for about 20 Myr. After that, the slab depth 

increases again, stagnating for about 10 Myr at 1500 km depth. It starts then to deepen again, reaching 

2400 km depth at 0 Myr. Velocity evolution (Figure 4.19, lower panel) of this slab is high at the 

beginning (~60 mm/yr) and abruptly decreases to 10 mm/yr at 130 Myr.  

 

 

 

 

Figure 4.19 – Depth (upper panel) and velocity (lower panel) data for Japanese area in model basic3. For the Japanese 
area, the slab depth (upper panel) starts to constantly increase with time until about 100 Myr, time at which it reaches the 
670 discontinuity (red dashed line) and stagnate on it for about 20 Myr. After that, the slab depth increases again, stagnating 
for about 10 Myr at 1500 km depth. It starts then to deepen again, reaching 2400 km depth at 0 Myr. Velocity values (lower 
panel) have their maximum at step 14, with a value of 60 mm/yr, reaching a minimum of 10 mm/yr at steps 13, 8-7 and 4. 
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It increases and then it is stable at 30 mm/yr during 110 and 100 Myr, whereas it decreases down to 

10 mm/yr, being stable to this velocity during 10 Myr between 80 and 70 Myr. Between 60 and 50 

Myr the velocity is stable at 20 Myr, whereas it decreases at 10 mm/yr at 40 Myr. At 30 Myr the 

velocity has a value of 30 mm/yr that decreases at 20 mm/yr during the 10 Myr between 20 and 10 

Myr. At the current day stage, i.e., 0 Myr, the slab tip velocity is 40 mm/yr.  

 

4.5.4 Model basic4 
 

The step 0 of the model basic4 is shown in Figure 4.20. In this model the evolution of plate motions 

velocity (from 140 to 0 Myr) in a shallow hotspot reference frame (Table 4.1) is applied as boundary 

condition, for a total runtime of 140 Myr corresponding to the arbitrary defined 14 steps of 10 Myr 

each. South America (Figure 4.20, upper panel): in model basic4, at 0 Myr stage of the plate 

motions evolution (current plate motions velocity) the lithosphere is thin at the western boundary of 

the numerical domain. Going towards the east, under the South American continent, below the current 

position of the South American trench, a slab that reaches 1650 km depth can be observed. From its 

wedge, the slab is almost wide as the South American continent. The lithosphere then, right eastward 

of the South American coastlines becomes thin again, reaching its undeformed initial condition of 

100 km thickness until the end of the model domain, to the E. 

 
Figure 4.20 - Step 0 relative to model basic4. Looking at South America (upper panel) the lithosphere is thin at the western boundary 
of the numerical domain. Going towards the east, under the South American continent, below the current position of the South 
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American trench, a slab that reaches 1650 km depth can be observed. From its wedge, the slab is almost wide as the South American 
continent. The lithosphere then, right eastward of the South American coastlines becomes thin again, reaching its undeformed initial 
condition of 100 km thickness until the end of the model domain, to the E. Velocity vectors are slightly shorter within the mantle, but 
are higher in correspondence of two rising plume, one at the westernmost boundary of the numerical domain, reaching 670 km depth, 
and one (reaching 670 km depth) below the western side of the Atlantic ocean. In the Pacific side (lower panel) the slab below India, 
has a depth of ~1740 km and it is very thin if compared to its wedge thickness. Towards the E, a slab that has a ~700 km depth can be 
seen below Indonesia. Velocity of the lithosphere surface is high in correspondence of the Pacific plate, whereas it is slightly slower 
for the Indo-Australia plate. Globes in the right part of this figure show surface plate kinematics in a shallow hotspot reference frame 
at this stage, with the black line suggesting the position of the tectonic equator, along which the 2d slice of this model is cut. Profiles 
G-G’ and H-H’ show the lateral extension and geographical location of the quarter annulus. The dashed Trench line points to the 
possible location of where the subduction trench should be. 
 

Velocity vectors are almost of the same length for Pacific and South American plates, at the 

westernmost and easternmost sides of the domain, whereas they are shorter for the Nazca plate in the 

middle. Although maintaining different velocities, plates direction is globally towards the W. Again, 

note the unexpected direction of the subducting slab. Velocity vectors are slightly shorter within the 

mantle, but are higher in correspondence of two rising plume, one at the westernmost boundary of 

the numerical domain, reaching 670 km depth, and one below the western side of the Atlantic Ocean. 

This plume reaches the depth of 670 km. The temperature is about 1220° at the bottom of the 

lithosphere and 0°C at the top of the model domain. At the CMB the temperature is of about 2330°C 

and the thickness of this layer is about 100 km. Temperature of about 2330°C is constant for both the 

plumes and in the middle of the domain the temperature is constant and homogeneous at about 

1330°C. Pacific (Figure 4.20, lower panel): the Pacific area from the westernmost side of the 

numerical domain, shows a rapidly increasing depth of the lithosphere. In fact, a subducting slab is 

observable below India, preceded by a wide wedge zone, that has a maximum thickness of about 750 

km. The slab below India has a depth of ~1740 km and it is very thin if compared to its wedge 

thickness. Towards the E, a slab that has a ~700 km depth can be seen below Indonesia. The 

lithosphere between the Indian and the Indonesian slab is about 400 km deep. This is the depth of the 

lithosphere also going from the Indonesian slab towards Japan. Below Japan the lithosphere deepens 

to about 410 km, pointing to an incipient slab. A rising plume coming from the eastern boundary of 

the quarter annulus can be observed right below the Pacific plate. Velocity of the lithosphere surface 

is high in correspondence of the Pacific plate, whereas it is slightly slower for the Indo-Australian 

and Eurasian plates. This points to a subduction direction that goes from E to W. Velocity vectors 

slightly decrease towards the bottom of the model domain but pointing to a vigorous motion of the 

entire mantle that is following the lithosphere motion, even though at a slightly lower velocity. 

Temperature of the lithosphere is 0°C at its top and reaches 1230°C at its bottom. The CMB layer is 

thin, at a constant temperature of about 2330°C. Within the mantle, the temperature is constant at 

about 1330°C except for the rising plume, which has a temperature of about 2330°C.  

In the following Figures 4.21 and 4.22 depth and velocity data relative to this same model basic4 are 

shown. In Figure 4.21, data for the South American side are represented. The slab rapidly increases 
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its depth (Figure 4.21, upper panel) for the first 50 Myr of the model run. Its depth become 1130 km 

at 90 Myr. The depth of the slab is constant until ~60 Myr.  

 

The slab at 50 Myr starts to increase its depth again, reaching 1220 km depth. At 30 Myr, the slab 

reaches a depth of about 1600 km that is kept constant until the current day plate motions setting (0 

Myr). Velocities (Figure 4.21, lower panel) are discontinuous in time. They start from ~25 mm/yr at 

140 Myr and reach ~83 mm/yr at 120 Myr. At 110 and 100 Myr their value is ~25 mm/yr, whereas 

they increase up to about 50 mm/yr to decrease abruptly to 0 at 80 Myr. This velocity is constant until 

Figure 4.21 – Depth (upper panel) and velocity (lower panel) data for model basic4. The slab rapidly increases 
its depth (upper panel) for the first 50 Myr of the model run. Its deep become 1130 km at 90 Myr. The depth of the 
slab is constant until ~60 Myr. The slab at 50 Myr starts to increase its depth again, reaching 1220 km depth. At 30 
Myr, the slab reaches a depth of about 1600 km that is kept constant until the current day plate motions setting (0 
Myr). Velocities (lower panel) are discontinuous, increasing and decreasing with time. They reach a minimum value 
of 0 mm/yr during steps 8-5, whereas its maximum peak is at step 3, with a value of 110 mm/yr. 
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50 Myr, increasing up to ~110 mm/yr at 30 Myr and decreasing again to 10 mm/yr at 10 Myr. The 

last 10 Myr of the model run are characterized by an increase of the slab tip velocity up to ~83 mm/yr. 

In the Japanese area (Figure 4.22, upper panel), the lithosphere depth evolution starts at 40 Myr, at 

which it has a depth of about 100 km. It constantly deepens reaching about 410 km depth at step 0. 

Velocities for the deepest points of the lithosphere in the Japanese area, in Figure 4.22 (lower panel) 

starts at 40 Myr, with a velocity of about 50 mm/yr. Velocity increase to 150 mm/yr at 30 Myr, 

decreasing to 50 mm/yr at 10 Myr, whereas at 0 Myr it has a value of 110 mm/yr. 

 

Figure 4.22 – Depth (upper panel) and velocity (lower panel) data for Pacific area in model basic4. Initially (upper 
panel) an almost defined slab tip reaches 670 km depth, stagnating here for about 10 Myr. At 100 Myr, the slab starts 
to slowly but continuously deepen again, reaching throughout the whole model running time 1740 km depth at 0 Myr. 
Velocities (lower panel) are discontinuous with some phases at which they are kept constant. Their maximum value is 
of about 150 mm/yr, reached at 30 Myr, whereas their minimum value is 50 mm/yr, reached at 40 and 10 Myr. 
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4.5.5 Model vp1 
 
In Figure 4.23 the thermal initial stage of the entire spherical domain for Visco Plastic models is 

shown. This initial stage is the same for all models presented in this subsection, i.e., models vp1 and 

vp2, since they were carried out using the same Visco Plastic Material model. 

 

 
For this Material model the lithosphere (in blue) is 100 km thick along the entire spherical shell and 

two thermal boundary layers can be seen at the top and the bottom of the domain, corresponding to 

the minimum, i.e., the surface, at 0°C, and the maximum, i.e., the core-mantle boundary, at 2330°C, 

temperature.  

Figure 4.24 shows the step 0 of the model vp1. In this model the evolution of plate motion velocities 

(from 140 to 0 Myr) in a deep hotspot reference frame (angular vectors collected by Seton et al., 

2012) is applied as boundary conditions, for a total runtime of 140 Myr corresponding to arbitrary 

defined 14 Steps of 10 Myr each. 

South America (Figure 4.24, upper panel): in model vp1, at current plate motion stage (0 Myr) the 

lithosphere is thin at the western boundary of the numerical domain and thickens going towards the 

east, exceeding the 410 km discontinuities of few km, starting from the mid-South American 

continent.  

Figure 4.23 – Initial thermal stage for models vp1 and vp2. This is the thermal state at the 
initial stage. Two thermal boundary layers can be seen at the top and the bottom of the domain, 
corresponding to the minimum (i.e., the lithosphere) and the maximum (i.e., the core-mantle 
boundary) temperature. The temperature is expressed in C°. 
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The lithosphere is almost uniformly thick eastward, below the Atlantic Ocean, reaching its 

undeformed initial condition of 100 km thickness right at the end of the model domain, to the E. 

Velocity vectors are almost of the same length for Pacific and South American plates, at the 

westernmost and easternmost sides of the domain, keeping also the same westward direction, whereas 

they are longer for the Nazca plate, in the middle, that moves towards the east. This points to a W to 

E direction of the lithospheric accumulation. Velocity vectors are shorter, almost close to be 0, within 

the mantle and at the bottom boundary layer. The temperature is about 1220°C at the bottom of the 

lithosphere and 0°C at the top of the model domain. At the CMB the temperature is of about 2330°C 

and the thickness of this layer is about 175 km. Temperature in the middle of the domain is constant 

at about 1330°C. Pacific (Figure 4.24, lower panel): the Pacific area from the westernmost side of 

the numerical domain shows a depth of the lithosphere of ~100 km. Below Indonesia a wide thick 

Figure 4.24 - Step 0 relative to model vp1. Looking at South America (upper panel) the lithosphere is thin at the western boundary 
of the numerical domain and thickens going towards the east, exceeding the 410 km discontinuity of few km under the South American 
continent whereas it remains uniformly thick eastward, below the Atlantic Ocean, reaching its undeformed initial condition of 100 km 
thickness right at the end of the model domain. Velocity vectors are almost of the same length for Pacific and South American plates, 
at the westernmost and easternmost sides of the domain, keeping also the same westward direction, whereas they are longer for the 
Nazca plate, in the middle, that moves towards the east. The Pacific area (lower panel) from the westernmost side of the numerical 
domain, shows a depth of the lithosphere of ~100 km. Below Indonesia a wide thick zone can be seen reaching a depth of about 600 
km. This zones almost continuously connects with the deformed thickened zone below the Philippines Sea and Japan, that is 1000 km 
depth. Globes in the right part of this figure show surface plate kinematics in a shallow hotspot reference frame at this stage, with the 
black line suggesting the position of the tectonic equator, along which the 2d slice of this model is cut. In the profiles I-I’ and J-J’ are 
shown the lateral extension and geographical position of the quarter annulus, whereas the dashed Trench line points to the geographical 
position of where the subduction trench should be. 
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zone can be seen reaching a depth of about 600 km. This zones almost continuously connects with 

the deformed thickened zone below the Pacific plate and Japan, towards the E. This zone below Japan 

has a depth of ~1000 km. The lithosphere rapidly decreases its thickness, going back to the initial 

condition of 100 km thickness at easternmost boundary of the model domain. Velocity of the 

lithosphere surface is high in correspondence of the Pacific plate, whereas it is noticeably slower for 

the Eurasian and the Indo-Australian plates. This points to a subduction direction that goes from E to 

W. Velocity vectors further decrease towards the bottom of the model domain. Temperature of the 

lithosphere is 0°C at its top and reaches 1230°C at its bottom. The CMB layer is ~175 km thick, at a 

constant temperature of about 2330°C. Within the mantle the temperature is constant at about 1330°C.  

In Figures 4.25 and 4.26 data relative to the depth and velocities of the South American and Japanese 

thickened zones for vp1 model are respectively shown. In Figure 4.25 (upper panel) the thickened 

area slowly increases its thickness from 100 km at 140 Myr to 400 km at 40 Myr, remaining stable at 

this depth until the end of the model run. Velocity (Figure 4.25, lower panel) for the South American 

thickened zone, starting from ~50 mm/yr, decreases to about 20 mm/yr at 100 Myr. Then, it is 

constant until 70 Myr, time at which it increases abruptly to about 30 mm/yr to then decrease again 

to 0 mm/yr at 50 and 40 Myr. From 30 to 0 Myr the velocity is constant at 20 mm/yr. In Figure 4.26, 

Japanese slab data can be seen. From the start of the model run (140 Myr) to its end (0 Myr) the slab 

depth (Figure 4.26, upper panel) slowly and continuously increase, reaching 1000 km depth at 10 

Myr, depth that is constant also at 0 Myr. Velocities (Figure 4.26, lower panel) for this slab increase 

from about 10 mm/yr to almost 40 mm/yr during the first 30 Myr of the model run. Then they decrease 

to 20 mm/yr at 80 Myr, remaining constant at this value until 60 Myr. After a discontinuous phase at 

which the velocity jumps from 40 mm/yr to 0 mm/yr then again to 30 mm/yr and 10 mm/yr, at the 

end of the model run (10-0 Myr), the velocity of the bottom of the thickened lithosphere is constant 

at 20 mm/yr. 
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Figure 4.25 – Depth (upper panel) and velocity (lower panel) data for the South American lithosphere. In the 
upper panel the thickened area slowly increases its thickness from 100 km at 140 Myr to 400 km at 40 Myr, remaining 
stable at this depth until the end of the model run. Velocity (lower panel) for the South American thickened zone reaches 
a maximum of 50 mm/yr between 140 and 130 Myr and a minimum of 0 mm/yr between 50 and 40 Myr. 
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Figure 4.26 – Depth (upper panel) and velocity (lower panel) data for the Japanese slab. From the start of the model run (140 
Myr) to its end (0 Myr) the slab depth (upper panel) slowly and continuously increase, reaching 1000 km depth at 10 Myr, constant 
also at 0 Myr. Velocities (lower panel) for this slab increase from about 10 mm/yr to almost 40 mm/y during the first 30 Myr of the 
model run. Then they decrease to 20 mm/yr at 80 Myr, remaining constant at this value until 60 Myr. After a discontinuous phase at 
which the velocity jumps from 40 mm/yr to 0 mm/yr and then again to 30 mm/yr and 10 mm/yr. At the end of the model run (10-0 
Myr) the velocity of the bottom of the thickened lithosphere is constant at 20 mm/yr. 

 
4.5.6 Model vp2 

 
Figure 4.27 shows the step 0 of the model vp2. In this model the evolution of plate motion velocity 

(from 140 to 0 Myr) in a shallow hotspot reference frame (Table 4.1) is applied as boundary condition, 

for a total runtime of 140 Myr arbitrary divided into 14 Steps of 10 Myr each. 
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South America (Figure 4.27, upper panel): in model vp2, at current plate motion stage (0 Myr) the 

lithosphere is thin at the western boundary of the numerical domain and thickens going towards the 

east, reaching the maximum depth of about 550 km under the South American continent. Further 

eastward, below the Atlantic Ocean, its thickness goes back to the initial conditions, reaching again 

100 km depth. Velocity vectors are almost of the same length for Pacific and South American plates, 

at the westernmost and easternmost sides of the domain, keeping also the same westward direction 

whereas they are shorter for the Nazca plate, in the middle, that is moving towards the west. This 

points to a W to E direction of the lithospheric accumulation. Velocity vectors are shorter within the 

mantle and at the bottom boundary layer. The temperature is of about 1220°C at the bottom of the 

lithosphere, along the entire spherical annulus, and 0°C at its top. At the CMB the temperature is of 

about 2330°C and its thickness is of about 175 km. Temperature in the middle of the domain is 

homogeneously at ~1330°C. Pacific (Figure 4.27, lower panel): the Pacific area from the 

Figure 4.27 - Step 0 relative to model vp2. Looking at South America (upper panel) the lithosphere is thin at the western boundary 
of the numerical domain and thickens going towards the east, reaching the maximum depth of about 550 km under the South American 
continent. Towards the East, below the Atlantic ocean, its thickens goes back to the initial condition, reaching again 100 km depth. 
Velocity vectors points to a westward direction of the lithospheric accumulation under the South American continent. The Pacific area 
(lower panel) from the westernmost side of the numerical domain, shows a depth of the lithosphere of ~100 km. Then, from about 
India to the Sunda and Eurasian plates a wide thick zone that reaches a depth of about 700 km can be observed. Velocities at the 
surface, as well as at the bottom of the model domain, point to an E-W direction of the lithospheric accumulation. Globes in the right 
part of this figure show surface plate kinematics in a shallow hotspot reference frame at this stage, with the black line suggesting the 
position of the tectonic equator, along which the 2d slice of this model is cut. In the profiles K-K’ and L-L’ are shown the lateral 
extension and geographical position of the quarter annulus. The dashed Trench line represents where the subduction trench should be 
geographically located. 
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westernmost side of the numerical domain, shows a depth of the lithosphere of ~100 km. Then, from 

about India to the Eurasian plate a wide thick zone that reaches a depth of about 700 km can be 

observed. The lithosphere then slowly decreases its thickness, reaching the depth of about 400 km at 

easternmost boundary of the model domain. Velocity of the lithosphere surface is high in 

correspondence of the Pacific plate, whereas it decreases towards the Eurasia and Indo-Australia 

plates, at W. This points to a subduction direction that goes from E to W. Velocity vectors decrease 

towards the bottom of the model domain where the CMB layer is 175 km thick. Temperature of the 

lithosphere is 0°C at its top and reaches 1230°C at its bottom. The CMB layer has a constant 

temperature of about 2330°C. Within the mantle, the temperature is constant at about 1330°C.  

In Figures 4.28 and 4.29 data relative to the depth and velocities respectively of the South American 

and Japanese thickened zones for vp2 model can be seen. In Figure 4.28 (upper panel) the depth 

evolution data through time relative to the South American thickened zone are shown. In this area the 

thickness of the lithosphere reaches ~350 km at 80 Myr. This situation is stable until 40 Myr. Here 

the lithosphere starts to increase its thickness, reaching 400 km depth at 30 Myr. At 10 Myr, the slab 

depth is ~500 km reaching ~550 km at 0 Myr. Figure 4.28 (lower panel) shows the velocity evolution 

of the South American deepest lithosphere point. Starting from a null velocity (i.e., 0 mm/yr), the 

velocity of its tip starts to increase, up to a peak of ~80 mm/yr at 30 Myr. After that, the velocity 

decreases again to 0 mm/yr at 10 Myr and increases up to 80 mm/yr at 0 Myr. 
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Figure 4.29 shows depth and velocities evolution for the lithosphere on the Pacific side of the 

spherical shell. After an increasing phase of the lithospheric depth (Figure 4.29, upper panel) up to 

about 500 km, this thickness is stable until 20 Myr. After that the lithosphere depth reaches 700 km, 

being stable during the last 10 Myr of the model run. 

 
 

Figure 4.28 – Depth (upper panel) and velocity (lower panel) data for the South American lithosphere. In the upper 
panel, the depth evolution data through time relative to the South American thickened zone are shown. In this area, the 
thickness of the lithosphere reaches ~350 km at 80 Myr. This situation is stable until 40 Myr. Here the lithosphere starts 
to increase its thickness, reaching 400 km depth at 30 Myr. At 10 Myr, the slab depth is ~500 km reaching ~550 km at 
0 Myr. The lower panel shows the velocity evolution of the South American slab. Maximum velocity value is about 83 
mm/yr reached at 30 Myr, whereas the minimum value is 0 mm/yr, that is reached by the lithosphere between 80 and 60 
Myr and at 10 Myr. 
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Initial velocity (Figure 4.29, lower panel) for the Pacific lithosphere is high, reaching ~110 mm/yr. 

After this initial stage, it starts to decrease, reaching about 20 mm/yr at 120 Myr. At 100 Myr the 

velocity is around 50 mm/yr, stable also at 90 Myr. At 80 Myr an abrupt decrease occurs, reaching 0 

mm/yr. The velocity then has an increasing phase at 70 Myr to decrease again at 0 mm/yr, velocity 

Figure 4.29 – Depth (upper panel) and velocity (lower panel) data for the Japanese lithosphere. In the upper panel, after an 
increasing phase of the lithospheric depth up to about 500 km, this thickness is stable until 20 Myr. After that the lithosphere depth 
reaches 700 km, being stable during the last 10 Myr of the model run. In the lower panel, velocities of the lithosphere reach their 
maximum value of 110 mm/yr at 140 and 30 Myr, whereas their minimum value is 0 mm/yr, reached at 80 Myr and kept between 60 
and 40 Myr. 
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kept during 60-40 Myr. Between 40 and 30 Myr, the velocity reaches again about 110 mm/yr, but 

then decreases again to 20 mm/yr, at 10 Myr. The stage of 0 Myr is characterized by an increase in 

the velocity of the thickened lithosphere that reaches about 80 mm/yr. 

 
4.5.7 Model isehar1 
 
In Figure 4.30 the thermal initial stage of the entire spherical domain for models using the isentrope 

harzburgic (Bangerth et al., 2018) mantle rheological profile is shown. This initial stage is valid for 

models presented in this subsection, i.e. models isehar1 and isehar2, since they were carried out using 

the same ASCII Reference Profile model. 

 

 

For this rheological profile, the lithosphere (in blue) is 100 km thick along the entire spherical shell 

and a single thermal boundary layer can be seen at the top of the spherical domain, corresponding to 

the minimum, i.e., the surface at 0°C, temperature.  

Figure 4.31 shows the step 0 of the model isehar1. In this model the evolution of plate motion velocity 

(from 140 to 0 Myr) in a deep hotspot reference frame (rotation provided by Seton et al., 2012) is 

applied as boundary conditions, for a total runtime of 140 Myr corresponding to 14 arbitrary defined 

Steps of 10 Myr each. 

Figure 4.30 – Initial thermal stage for models isehar1 and isehar2. This is the thermal state 
at the initial stage. One thermal boundary layer can be seen at the top of the domain, 
corresponding to the minimum (i.e., the lithosphere) temperature. The temperature is expressed 
in C°. 
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South America (Figure 4.31, upper panel): in model isehar1, a very thin lithosphere can be seen at 

the western boundary of the numerical domain. It thickens towards the east, reaching a depth of 960 

km in correspondence of the subducting slab, right eastward of the South American continent and on 

the western side of the Atlantic ocean. Going eastward, in the middle of the Atlantic ocean, a very 

thin and deformed slab can be seen. It has a depth of about 2400 km. From 670 km the temperature 

of the slab becomes higher throughout its boundaries; at about 1000 km the slab almost faded away 

into the mantle. On the eastern boundary of the numerical domain the lithosphere thickness goes back 

to the initial condition, reaching again 100 km depth. Velocity vectors are longer and have a westward 

direction on the Pacific plate surface at the westernmost side of the annulus quarter, whereas they are 

shorter for the Nazca plate, right eastward, that has an eastward motion direction. Vectors within the 

subducting slab are slightly shorter with respect to vectors of the Nazca plate, however they point to 

an eastward direction of motion for the subducting slab. Velocities are slower on the surface of the 

Figure 4.31 - Step 0 relative to model isehar1. Looking at South America (upper panel) the lithosphere is less than 100 km thick at 
the western boundary of the numerical domain. It thickens towards the east, reaching a depth of 960 km in correspondence of the 
subducting slab, right eastward of the South American continent and on the western side of the Atlantic Ocean. Going eastward, in the 
middle of the Atlantic ocean a very thin and deformed slab can be seen. It reaches a depth of about 2400 km. Velocity vectors are 
shorter within the mantle and point to a counterflow behind the subducting slab, with the upwelling in correspondence of the East 
Pacific Rise. Velocities are almost null at the CMB layer. A wide delamination zone can be observed from about India to Indonesia 
(Pacific area, lower panel). Then, almost below the Eurasian plate a thin and localized subducting slab reaches the depth of ~2500 km. 
This slab is surrounded by a zone of thickened lithosphere that reaches the depth of about 410 km both westward and eastward of the 
slab. Velocity vectors decrease towards the bottom of the model domain, but they are of the same intensity of the surface along the 
subducting slabs, this seems to enhance a weak circulation into the mantle, towards the W. Globes in the right part of this figure show 
surface plate kinematics in a deep hotspot reference frame at this stage, with the black line suggesting the position of the tectonic 
equator, along which the 2d slice of this model is cut. Profiles M-M’ and N-N’ show the lateral extension and geographical location of 
the quarter annulus surface. The location where the subduction trench should be is pointed by the dashed Trench line. 
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South American plate, that has a E-W direction of motion. Velocity vectors are shorter within the 

mantle and point to a counterflow behind the subducting slab, with the upwelling in correspondence 

of the East Pacific Rise. Velocities are almost null at the CMB layer. The temperature is of about 

1330°C at the bottom of the lithosphere, along the entire spherical annulus, and 0°C at its top. At the 

CMB the temperature is of about 2330°C. Temperature gradually increases within the mantle. Pacific 

(Figure 4.31, lower panel): the Pacific area from the westernmost side of the numerical domain 

shows a depth of the lithosphere of ~100 km. Moving eastward a wide delamination zone can be 

observed from about India to Indonesia. Then, almost below the Eurasian plate a thin and localized 

subducting slab reaches the depth of ~2500 km. This slab is surrounded by a zone of thickened 

lithosphere that reaches the depth of about 410 km right westward and eastward of the slab. Towards 

the east, below the Eurasian plate, the lithosphere goes back to a thickness of about 100 km and it 

thickens again to about 400 km in correspondence of the subducting slab localized under Japan. Here 

the slab reaches a depth of 2430 km. After this depth, it starts to bend assuming an S shape and 

accumulates at the bottom of the numerical domain, i.e., at 2900 km. The last part of the slab, starting 

from ~2400 km, is hotter and the slab is increasingly thinner. Velocity vectors on the lithosphere 

surface are small for the Indo-Australian and Eurasian plates, whereas it is high in correspondence of 

the Pacific plate. This points to a subduction direction that goes from E to W for both the observable 

slabs in Figure 4.31 (lower panel). Velocity vectors decrease towards the bottom of the model domain 

but they are of the same intensity of the surface along the subducting slabs, this seems to enhance a 

weak circulation into the mantle, towards the W, that shows a lower intensity with respect to the 

surface. Temperature of the lithosphere is 0°C at its top and reaches ~1330°C at its bottom. The 

bottom of the domain has a temperature of about 2330°C. Within the mantle, the temperature 

increases from the top to the bottom.  

In Figures 4.32 and 4.33 data on the depth and velocity evolution through time for model isehar1 are 

shown. In Figure 4.32 (upper panel), the depth evolution of the young South American slab can be 

observed. It starts to subduct at about 10 Myr, reaching rapidly the depth of about 600 km. At 0 Myr, 

it reaches ~1000 km depth. Velocity (Figure 4.32, lower panel) is very high for the tip of this slab. It 

starts with a velocity of 40 mm/yr to end at 0 Myr with a velocity of ~50 mm/yr. 
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Figure 4.32 – Depth (upper panel) and velocity (lower panel) data for the South American slab. The depth (upper 
panel) evolution of the young South American slab starts at about 10 Myr, reaching rapidly the depth of about 600 km. 
At 0 Myr, it reaches ~1000 km depth. Velocity (lower panel), in fact, is very high for the tip of this slab. It starts with 
a velocity of 40 mm/yr (its minimum value), to end at 0 Myr with a velocity of ~50 mm/yr (its maximum value). 
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In Figure 4.33 (upper panel), the depth evolution of the Pacific area shows a long-lived Japanese slab. 

Its evolution started at 140 Myr, time at which the lithosphere is homogeneously thick (100 km). At 

130 Myr, the lithosphere starts to thickens below Japan, reaching 260 km depth at 120 Myr. At 110 

Myr the slab starts to increase more rapidly its depth, reaching ~2580 km depth at 60 Myr. Its depth 

is constant until about 40 Myr, time at which its depth start to increase again. At 40 Myr the deepest 

part of the Japanese slab is at 2670 km, reaching the bottom of the model domain, i.e., 2900 km, at 

30 Myr. Velocity evolution for the Japanese slab (Figure 4.33, lower panel) is discontinuous and 

variable. Maximum velocity value reached at 130 Myr is about 90 mm/yr but then suddenly decreases 

Figure 4.33 – Depth (upper panel) and velocity (lower panel) data for the Japanese slab. Depth  (upper 
panel) evolution started at 140 Myr, time at which the lithosphere is homogeneously thick (100 km). At 130 
Myr the lithosphere starts to thickens below Japan, reaching 260 km depth at 120 Myr. At 110 Myr the slab 
starts to increase more rapidly its depth, reaching 2580 km depth at 60 Myr. Its depth is constant until about 
40 Myr, time at which its depth start to increase again. At 40 Myr, the deepest part of the Japanese slab is at 
2670 km, reaching the bottom of the model domain at 30 Myr. Velocity (lower panel) evolution for the 
Japanese slab is discontinuous and variable. Among a number of up and downs, the maximum velocity value 
reached at 130 Myr is about 90 mm/yr whereas the minimum is 0 at the current stage (0 Myr). 
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to about 10 mm/yr at 110 Myr. Its value increases again, being constant at 60 mm/yr between 100 

and 90 mm/yr. At 70 Myr, the velocity decreases again at 10 mm/yr, increasing to 30 mm/yr at 40 

Myr, reaching its minimum value of 0 mm/yr at the current stage (0 Myr). 

 

4.5.8 Model isehar2 
 

Figure 4.34 shows the step 0 of the model isehar2. In this model the evolution of plate motion velocity 

(from 140 to 0 Myr) in a shallow hotspot reference frame (Table 4.1) is applied as boundary 

conditions, for a total runtime of 140 Myr corresponding to 14 Steps arbitrary divided in 10 Myr each. 

South America (Figure 4.34, upper panel): in model isehar2, the lithosphere at the western 

boundary of the numerical domain is about 100 km thick. It thickens towards the east, right under the 

South American trench, forming a mantle wedge that is about 410 km thick. Here the South American 

slab can be observed. It has a total depth of ~2900 km depth. The slab almost preserve its initial 

temperature and thickness until about 1400 km depth. From this depth, at which the slab is not subject 

to deformation, the deformed part of the slab starts, reaching 2900 km depth. This slab segment is 

way hotter than the one above 1400 km depth, starting to mix with the hosting mantle. It is important 

to notice that, although very warped in this last segment, the slab is always in connection with all its 

part. Towards the East, on the eastern boundary of the numerical domain, the lithosphere thickness 

goes back to the initial condition, reaching again 100 km depth. Velocity vectors are longer and have 

a westward direction on the Pacific and South American plate surfaces, at the westernmost and 

easternmost side of the annulus, whereas they are shorter for the Nazca plate, in the middle, that 

maintain a westward motion direction. Vectors within the subducting slab are of the same length if 

compared with vectors of the South American plate, pointing to a westward subduction direction. 

Velocity vectors are shorter within the mantle rising towards the East Pacific Rise and the Pacific 

plate. Velocities are almost null at the CMB layer, except for vectors within the slab segment lying 

above the CMB. The temperature is of about 1330°C at the bottom of the lithosphere, along the entire 

spherical annulus, and 0°C at its top. At the CMB the temperature is of about 2330°C. Temperature 

gradually increases within the mantle 



 

 145 

 

 

Pacific (Figure 4.34, lower panel): the Pacific area from the westernmost side of the numerical 

domain shows a depth of the lithosphere of ~100 km. Its depth rapidly increases eastward, where a 

wedge (410 km thick) and a slab that reaches 2200 km depth can be seen below the Indian Ocean. 

The bottom of this subducting slab is at ~410 km but the lithosphere thickness decreases up to about 

350 km towards the east. Below Indonesia a slab can be seen. It reaches a depth of ~2200 km. Below 

Japan a delaminated lithosphere zone reaches 380 km depth. Velocity vectors on the lithosphere 

surface are small for the Indo-Australian plate but increase eastward for the lithosphere of the 

Eurasian plate whereas it slightly decrease for Pacific plate. All plates show a westward direction, 

although keeping different velocities. Subduction direction for both slabs goes from E to W. Velocity 

vectors slightly decrease towards the bottom of the model domain but they are of the same intensity 

of the surface along the subducting slab, especially for the one below the Indian plate. This produce 

Figure 4.34 - Step 0 relative to model isehar2. In the upper panel (South America) the lithosphere at the western boundary of the 
numerical domain is about 100 km thick. It thickens towards the east, right under the South American trench, forming a mantle wedge 
that is about 410 km thick. Here the South American slab can be observed. It has a total depth of ~2900 km depth. The slab preserve 
almost its initial temperature and thickness until about 1400 km depth. From this depth, at which the slab is not subject to deformation, 
the deformed part of the slab starts reaching 2900 km depth. All plates show a westward direction, although keeping different velocities. 
The Pacific area (lower panel) from the westernmost side of the numerical domain shows a depth of the lithosphere of ~100 km. Its 
depth rapidly increases eastward, where a wedge (410 km thick) and a slab that reaches 2200 km depth below the Indian Ocean can be 
seen. The bottom of this subducting slab is at ~410 km, but the lithosphere thickness decreases up to about 350 km towards the east. 
Below Indonesia another slab can be seen. It reaches a depth of ~2200 km. Velocity vectors have a westward direction, showing 
different velocities. Globes in the right part of this figure show surface plate kinematics in a shallow hotspot reference frame at this 
stage, with the black line suggesting the position of the tectonic equator, along which the 2d slice of this model is cut. In profiles O-O’ 
and P-P’ the lateral extension and geographical position of the quarter annulus surface are shown. The position where the subduction 
trench should be is represented by the dashed trench line. 
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a circulation into the mantle that has the same direction of the lithosphere, but with a minor intensity 

with respect to it. Temperature of the lithosphere is 0°C at its top and reaches ~1330°C at its bottom. 

The bottom of the domain has a temperature of about 2330°C. Within the mantle, the temperature 

increases from the top to the bottom.  

In Figures 4.35 and 4.36 depth (upper panel) and velocity (lower panel) evolution for South American 

and Japanese slabs, respectively, are shown. In Figure 4.35 (upper panel) the lithosphere at the initial 

stage of 140 Myr is 100 km thick for all the spherical shell, then it starts to slowly but constantly 

increase its thickness up to 500 km at 110 Myr. The lithosphere thickness deepens in a faster way 

until 70 Myr, time at which it reaches 2500 km depth. After this time, the slab tip decreases its 

velocity, reaching 2900 km depth at 30 Myr and keeping it constant until the end of the model run. 

Velocity evolution (Figure 4.35, lower panel) starts from ~50 mm/yr at 140 Myr. Velocity increases 

up to almost 80 mm/yr, then decreases again to almost 50 mm/yr, at 110 Myr. After this time, velocity 

has a high peak around 100 mm/yr at 90 Myr, but then decreases again reaching almost 20 mm/yr at 

60 Myr and keeping it constant until 40 Myr. This velocity is kept constant for the last 20 Myr of the 

model evolution except for a peak at 100 mm/yr, in correspondence of 30 Myr. 
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Figure 4.35 – Depth (upper panel) and velocity (lower panel) data for the South American side of model isehar2. 
In the upper panel the lithosphere at the initial stage of 140 Myr is 100 km thick for all the spherical shell, then it starts 
to slowly but constantly increase its thickness up to 500 km, at 110 Myr. The lithosphere thickness deepens in a faster 
way until 70 Myr, time at which it reaches 2500 km depth. After this time, the slab dip decreases its velocity, reaching 
2900 km depth at 30 Myr and keeping it constant until the end of the model run. Velocities for this model follow a 
discontinuous evolution. Maximum peaks are two in correspondence of 90 and 30 Myr, whereas minimum velocity is 
about 20 mm/yr, kept constant between 60 and 40 Myr and from 20 to 0 Myr. 
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In Figure 4.36 (upper panel) the depth evolution of the Japanese slab starts at about 30 Myr, with a 

depth of about 100 km. The depth of the slab tip increases almost continuously, following the same 

trend, up to almost 380 km depth at 0 Myr. Velocity of the slab tip (Figure 4.36, lower panel) at 30 

Myr is about 150 mm/yr. It abruptly decreases to 50 mm/yr at 10 Myr, whereas it starts increasing 

again reaching 85 mm/yr at 0 Myr. 

 

 

 

 

Figure 4.36 – Depth (upper panel) and velocity (lower panel) data for the Japanese slab. The depth evolution of 
the Japanese slab (upper panel) starts at about 30 Myr with a depth of about 100 km. The depth of the slab tip increases 
almost continuously, following the same trend, up to almost 380 km depth at 0 Myr. During velocity evolution at the 
slab tip the maximum velocity reached is about 150 mm/yr whereas the minimum is 50 at and 10 Myr. 
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4.5.9 Model majol1 
 

In Figure 4.37 the thermal initial stage of the entire spherical domain for models using the majorite-

Fo50 (Boneh et al., 2017; Griffin et al., 2009; Nekvasil et al., 2004) rheological profile is shown. This 

initial stage is valid for models presented in this subsection, i.e., models majol1 and majol2, since 

they were carried out using the same ASCII Reference Profile model. 

 

 

For this rheological profile the lithosphere (in blue) is 100 km thick along the entire spherical shell 

and a single thermal boundary layer can be seen at the top of the spherical domain, corresponding to 

the minimum (i.e., the surface at 0°C) temperature.  

Figure 4.38 shows the step 0 of the model majol1. In this model the evolution of plate motion velocity 

(from 140 to 0 Myr) in a deep hotspot reference frame (rotation data collected by Seton et al., 2012) 

is applied as boundary conditions, for a total runtime of 140 Myr corresponding to 14 Steps of 10 

Myr each, arbitrarily defined. South America (Figure 4.38, upper panel): in model majol1 the 

lithosphere at the western boundary of the numerical domain is about 100 km thick. It thickens 

towards the east, eastward with respect to the South American coastlines, reaching a depth of ~780 

km. Right eastward, a thick zone of delaminated lithosphere is observable. Its thickness is of about 

410 km, with delaminated lithospheric nails reaching about 670 km depth. However, the lithosphere 

is homogeneously 410 km thick until the central Atlantic Ocean. After that, at the easternmost 

boundary of the model domain, the lithosphere is 100 km thick. 

Figure 4.37 – Initial thermal stage for models majol1 and majol2. This is the thermal state at 
the initial stage. One thermal boundary layer can be seen at the top of the domain, corresponding 
to the minimum (i.e., the lithosphere) temperature. The temperature is expressed in C°. 
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Figure 4.38 - Step 0 relative to model majol1. Looking at South America (upper panel) the lithosphere at the western boundary of 
the numerical domain is about 100 km thick. It thickens towards the east, right eastward with respect to the South American coastlines, 
reaching a depth of ~780 km. Velocity vectors show an eastward direction for the Nazca plate, with a higher velocity with respect to 
the South American plate, which has a westward motion of its surface. In the Pacific area (lower panel), the lithosphere at the westward 
boundary of the annulus has a depth of about 175 km. It increases going eastward and below Indonesia a mantle wedge in front of the 
slab can be seen, with a depth of about 410 km. The slab here reaches a depth of 1100 km. Under Japan, the slab reaches a depth of 
700 km. Velocity vectors on the lithosphere surface are very small for the Indo-Australian and Eurasian plates, whereas they are higher 
towards the Pacific plate. Globes in the right part of this figure show surface plate kinematics in a deep hotspot reference frame at this 
stage, with the black line suggesting the position of the tectonic equator, along which the 2d slice of this model is cut. In profiles Q-Q’ 
and R-R’ the lateral extension and geographical position of the quarter annulus surface are shown. The dashed vertical Trench line 
points to the location where the subduction trench should be. 

 

Velocity vectors show an eastward direction for the Nazca plate with a higher velocity with respect 

to the South American plate, which has a westward motion of its surface. This points to an eastward 

direction of the subducting lithosphere. Furthermore, velocity vectors behind the slab show a 

counterflow with an upwelling of mantle material towards the East Pacific Rise. Within the mantle, 

at depth, velocity vectors become shorter, pointing to a more vigorous circulation within the upper 

mantle, with respect to the lower mantle. Temperature of the lithosphere is 0°C at its top and reaches 

~1300°C at its bottom. The bottom of the domain has a temperature of about 2300°C. Within the 

mantle, the temperature increases from the top to the bottom. Pacific (Figure 4.38, lower panel): the 

lithosphere at the westward boundary of the annulus has a depth of about 175 km. It increases going 

eastward and a mantle wedge with a depth of about 410 km in front of the slab can be seen below 

Indonesia. The slab here reaches a depth of 1100 km. Under Japan the slab reaches a depth of 700 

km. Starting from the tip of the Japanese slab an old faded slab segment can be observed. It first rises 

at about 500 km, eastward of the current active slab, then it deepens again fading within the 
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surrounding mantle reaching a depth of 1800 km. Velocity vectors on the lithosphere surface are very 

small for the Indo-Australian and Eurasian plates, whereas they are higher in correspondence of the 

Pacific plate. This points to a subduction direction that goes from E to W for both the observable 

slabs in Figure 4.38 (lower panel). Velocity vectors decrease towards the bottom of the model domain 

but they are high as the vectors of the Pacific plate along both the subducting slabs, this seems to 

enhance a weak circulation into the mantle towards the W. A counterflow is visible right in front of 

the Indonesian slab rising up towards the Indian continent, whereas a westward motion of the mantle 

towards the shallow portion of the Indonesian slab arise from the Japanese slab. 

In Figures 4.39 and 4.40 depth and velocity evolution of the slabs in Figure 4.38 is shown. In the 

upper panel of Figure 4.39, depth evolution of the South American slab can be observed. At 20 Myr 

the slab has a depth of 440 km. At 10 Myr, the active slab reaches 700 km depth, merely exceeding 

the 670 discontinuity. At this depth its deepening process is slowered down. At the last stage (0 Myr) 

the slab reaches a depth of 780 km. In Figure 4.39 (lower panel), velocity of the tip of the slab is 30 

mm/yr at 20 Myr, slows down to 10 mm/yr at 10 Myr and increase again to 30 mm/yr at the last 

evolution stage. In Figure 4.40 (upper panel), the young Japanese slab at 40 Myr has a depth of about 

550 km, whereas its depth is constant around the 670 km discontinuity between 30 and 10 Myr, 

reaching 730 km depth at 0 Myr. Velocities for this slab (Figure 4.40, lower panel) are constant at 10 

mm/yr from 40 to 10 Myr and increase at 0 Myr, reaching 20 mm/yr. 
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Figure 4.39 – Depth (upper panel) and velocity (lower panel) data for the South American slab of model majo1. 
In the upper panel depth evolution of the South American slab can be observed. At 20 Myr the slab has a depth of 440 
km. At 10 Myr the active slab reaches 700 km depth, merely exceeding the 670 discontinuity. At this depth its deepening 
process is slowered down. At the last stage (0 Myr) the slab reaches a depth of 780 km. Maximum velocity (lower 
panel) for this slab is ~30 mm/yr at 20 and 0 Myr, whereas minimum velocity is 20 mm/yr at 10 Myr. 



 

 153 

 
4.5.10 Model majol2 
 

Figure 4.41 shows the step 0 of the model majol2. In this model the evolution of plate motion velocity 

(from 140 to 0 Myr) in a shallow hotspot reference frame (Table 4.1) is applied as boundary 

conditions, for a total runtime of 140 Myr arbitrarily divided into 14 Steps of 10 Myr each. South 

America (Figure 4.41, upper panel): model majol2 shows a lithosphere that is about 100 km thick 

at the western boundary of the quarter annulus. It thickens towards the east, right westward of the 

South American coastlines where the wedge in front of the South American slab reaches a depth of 

~410 km.  

Figure 4.40 – Depth (upper panel) and velocity (lower panel) data for the Japanese slab of model majol1. Looking 
at the depth evolution of the young Japanese slab (upper panel), at 40 Myr it has a depth of about 550 km, whereas it 
is constant around the 670 discontinuity between 30 and 10 Myr, reaching 730 km depth at 0 Myr. The minimum 
velocity for this slab (lower panel) is 10 mm/yr, constant 40 to 10 Myr and its maximum is 20 mm/yr at 0 Myr. 
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Towards the east the slab is about 750 km depth, whereas a segment of an old slab is located slightly 

westward, reaching 900 km depth. In correspondence of the eastern boundary of the numerical 

domain the lithosphere has a thickness of ~150 km. Velocity vectors have a westward direction for 

all the plate surfaces. Pacific and South America plates show comparable velocities, higher with 

respect to the Nazca plate that has shorter velocity vectors. Vectors within the subducting slab are of 

the same length if compared with vectors of the South American plate, pointing to a westward 

subduction direction. Velocity vectors are shorter within the mantle and rise towards the East Pacific 

Rise and the Pacific plate, showing a vigorous circulation within the upper mantle. Velocities 

decrease further at depth, however the circulation seem to be consistent also for the lower mantle. 

The temperature is of about 1300°C at the bottom of the lithosphere along the entire spherical annulus 

and 0°C at its top. At the CMB the temperature is of about 2300°C. The temperature gradually 

Figure 4.41 - Step 14 relative to model majol2. In the upper panel (South America) the model shows a lithosphere that is about 100 
km thick at the western boundary of the quarter annulus. It thickens towards the east, right westward of the South American coastlines, 
where the wedge in front of the South American slab reaches a depth of ~410 km. Right eastward, the slab is about 700 km depth, 
whereas a segment of it, detached and localized slightly westward, reaches 900 km depth. Velocity vectors have a westward direction 
for all the plate surfaces. Pacific and South America plates show comparable velocities, higher with respect to the Nazca plate that has 
shorter velocity vectors. The lower panel shows the Pacific area where, from the westernmost side of the numerical domain, the 
lithosphere has a uniform depth of ~400 km. This side of the quarter annulus shows a delaminated lithosphere. More nails of lithosphere 
enters the mantle form the Indian ocean to the Eurasian plate. They start all from about the 410 km discontinuity and they stop at the 
670 km discontinuity, except for a slab below the Eurasian plate, which penetrate the 670 km discontinuity, reaching almost 900 km 
depth. Under Japan the lithosphere is about 410 km thick but no slabs are observable. Velocity vectors on the lithosphere surface follow 
a global westward direction. Vectors of the Indo-Australian plate lithosphere are shorter if compared to Eurasian vectors, whereas they 
further increase in length for Pacific plates. Globes in the right part of this figure show surface plate kinematics in a shallow hotspot 
reference frame at this stage, with the black line suggesting the position of the tectonic equator, along which the 2d slice of this model 
is cut. Profiles S-S’ and T-T’ show the lateral extension and geographical location of the quarter annulus surface. The dashed Trench 
line points to where the subduction trench should be. 
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increases within the mantle. Pacific (Figure 4.41, lower panel): from the westernmost side of the 

numerical domain, shows a uniform depth of the lithosphere of ~400 km. This side of the quarter 

annulus shows a delaminated lithosphere. More nails of lithosphere enters the mantle from the Indian 

ocean to the Eurasian plate. They start all from about the 410 km discontinuity and stop at the 670 

km discontinuity, except for a slab below the Eurasian plate which penetrates the 670 km 

discontinuity, reaching almost 900 km depth. However they all contribute to cool down the upper 

mantle temperature in this region. Under Japan, in correspondence of the Pacific plate, the lithosphere 

is about 410 km thick but no slabs are observable. Velocity vectors on the lithosphere surface here 

follow a global westward direction. Vectors of the Indo-Australian plate lithosphere are shorter if 

compared to Eurasian vectors, whereas vectors further increase in length for the Pacific plate. They 

slightly decrease at depth within the mantle, maintaining, however, a consistent value. This produces 

a circulation into the mantle, with the same direction of the lithosphere but with a minor intensity 

with respect to it. However velocities within the mantle are slower below the Indo-Australian plates 

and higher below the Pacific plate. Temperature of the lithosphere is 0°C at its top and reaches 

~1300°C at its bottom. The bottom of the domain has a temperature of about 2300°C. Within the 

mantle the temperature increases from the top to the bottom. 

In Figures 4.42 and 4.43, depth (upper panel) and velocity (lower panel) evolution for the South 

American and Japanese slabs are respectively shown. The South American slab evolution (Figure 

4.42, upper panel) starts at a depth of about 500 km at 50 Myr from the end of the model run. This 

slab slowly deepens through the last steps of the model run, reaching about 750 km depth, kept 

constant for the last 10 Myr of the model evolution. 
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The South American slab tip (Figure 4.42, lower panel) shows an initial velocity of about 25 mm/yr 

at 50 Myr. This velocity increases up to ~85 mm/yr at 30 Myr. Then it is stable at 30 mm/yr between 

20 and 10 Myr, increasing again at ~85 mm/yr at the last stage, i.e., 0 Myr. The evolution of the 

lithosphere thickening below Japan (Figure 4.43, upper panel) is younger and starts at about 10 Myr 

and at a depth of ~200 km. The thickness of the lithosphere increases up to ~410 km at the current 

plate motion stage (0 Myr). The lithosphere velocity evolution (Figure 4.43, lower panel) starts at the 

same 10 Myr time, with a velocity of ~50 mm/yr and ends with a velocity of ~110 mm/yr.  

Figure 4.42 – Depth (upper panel) and velocity (lower panel) data for the South American slab of model majol2. 
In the upper panel the South American slab evolution starts at a depth of about 500 km at 50 Myr from the end of the 
model run. This slab slowly deepen through the last steps of the model run, reaching about 750 km depth, kept constant 
for the last 10 Myr of the model evolution. Velocities for the South American slab (lower panel) show a maximum 
value of about 90 mm/yr at 30 and 0 Myr, whereas they show the minimum value of about 25 mm/yr at 50 Myr. 
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4.5.11 Model majfo89_1 
 

In Figure 4.44 the thermal initial stage of the entire spherical domain for models using the majorite-

Fo89 (Bina, 1998; Mitra, 2004; Raye et al., 2011), the last rheological profile, is shown. This initial 

stage is valid for models presented in this subsection, i.e., models majfo89_1 and majfo89_2, since 

they were carried out using the same ASCII Reference Profile model. 

Figure 4.43 – Depth (upper panel) and velocity (lower panel) data for the Japanese lithosphere of model majol2. 
The evolution of the lithosphere thickening below Japan (upper panel) is younger and starts at about 10 Myr and at a 
depth of ~200 km. The thickness of the lithosphere increases up to ~410 km at the current plate motion stage (0 Myr). 
The lithosphere velocity evolution (lower panel) starts at the same 10 Myr time, with a velocity of ~50 mm/yr and ends 
with a velocity of ~110 mm/yr, which correspond thus to maximum and minimum values. 
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For this rheological profile the lithosphere (in blue) is 100 km thick along the entire spherical shell 

and a single thermal boundary layer can be seen at the top of the spherical domain, corresponding to 

the minimum (i.e., the surface at 0°C) temperature.  

 

 
Figure 4.45 - Step 0 relative to model majfo89_1. In the upper panel, the Pacific lithosphere at the western boundary of the numerical 
domain is about 100 km thick. It thickens towards the east. Eastward of the South American coastlines a slab that is about 750 km 
depth can be observed. It is rather wide and, right eastward, a thick wedge zone reaching a depth of about 410 km can be seen. Towards 
the East the lithosphere is homogeneously ~400 km thick until almost the end of the spherical annulus. At this point it becomes thinner, 
reaching the undeformed initial condition of 100 km of thickness. Velocity vectors show a westward direction of the Pacific plate, at 
the westward boundary of the domain, whereas the Nazca plate has an eastward direction of motion, with a higher velocity with respect 
to the South American plate, which has a westward slower motion of its surface. The lithosphere in the Pacific area (lower panel) is 
100 km thick at the beginning of the spherical annulus, then suddenly starts to increase in thickness, reaching ~410 km right westward 

Figure 4.44 – Initial thermal stage for models majfo89_1 and majfo89_2. This is the thermal 
state at the initial stage. One thermal boundary layer can be seen at the top of the domain, 
corresponding to the minimum (i.e., the lithosphere) temperature. The temperature is expressed 
in C°. 
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of the slab subducting below the Indonesian subduction zone. Here the slab reaches about 1450 km depth, whereas the lithosphere has 
a thickness of ~410 km towards the east, reaching the Japanese area and the Japanese slab. This slab reaches below Japan ~1220 km 
depth, but a hotter and almost faded segment can be seen prosecuting after its end. Eastward with respect to the slab the lithosphere 
maintain a thickness of about 410 km until the end of the spherical annulus. Velocity vectors on the lithosphere surface are very small 
for the Indo-Australian and Eurasian plates, whereas they are slightly higher in correspondence of the the Pacific plate. Globes in the 
right part of this figure show surface plate kinematics in a deep hotspot reference frame at this stage, with the black line suggesting the 
position of the tectonic equator, along which the 2d slice of this model is cut. Profiles U-U’ and V-V’ show the lateral extension and 
geographical position of the correspondent quarter annulus surface. The location of where the subduction trench should be is pointed 
by the dashed Trench line. 

 

Figure 4.45 shows the step 0 of the model majfo89_1. In this model the evolution of plate motion 

velocity (from 140 to 0 Myr) in a deep hotspot reference frame (data about angular vectors collected 

by Seton et al., 2012) is applied as boundary conditions, for a total runtime of 140 Myr corresponding 

to 14 Steps of 10 Myr each, defined arbitrarily. South America (Figure 4.45, upper panel): in model 

majfo89_1 the lithosphere at the western boundary of the numerical domain is about 100 km thick. It 

thickens towards the east. Eastward of the South American coastlines, a slab that is about 800 km 

depth can be observed. It is rather wide and, right eastward, a thick wedge zone reaching a depth of 

about 410 km can be seen. Towards the East the lithosphere is homogeneously ~400 km thick until 

almost the end of the spherical annulus, point at which it becomes thinner reaching the undeformed 

initial condition of 100 km of thickness. Velocity vectors show a westward direction of the Pacific 

plate, at the westward boundary of the domain, whereas the Nazca plate has an eastward direction of 

motion with a higher velocity with respect to the South American plate, which has a westward slower 

motion of its surface. This points to an eastward direction of the subducting lithosphere. Furthermore, 

velocity vectors behind the slab show a counterflow with an upwelling of mantle material towards 

the Pacific plate and the East Pacific Rise. The circulation is rather active in the upper mantle, with 

velocity vectors almost comparable with the surface vectors, especially along the subducting slab and 

towards the upwelling location. However, within the lower mantle, at depth, velocity vectors become 

shorter. Temperature of the lithosphere is 0°C at its top and reaches ~1300°C at its bottom. The 

bottom of the domain has a temperature of about 2300°C and the temperature increases from the top 

to the CMB. Pacific (Figure 4.45, lower panel): the lithosphere in this model is 100 km thick at the 

beginning of the spherical annulus, then suddenly starts to increase in thickness, reaching ~410 km 

right westward of the slab subducting below the Indonesian subduction zone. Here the slab reaches 

about 1450 km depth, whereas the lithosphere has a thickness of ~410 km towards the east, reaching 

the Japanese area and the Japanese slab. This slab reaches below Japan ~1220 km depth but a hotter 

and almost faded segment can be seen prosecuting after its end. Eastward with respect to the slab the 

lithosphere maintain a thickness of about 410 km until the end of the spherical annulus. Velocity 

vectors on the lithosphere surface are very small for the Indo-Australian and Eurasian plates whereas 

they are slightly higher in correspondence of the Pacific plate. This points to a subduction direction 
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that goes from E to W for both the observable slabs in Figure 4.45 (lower panel). Velocity vectors 

decrease towards the bottom of the model domain, but they are higher along both the subducting 

slabs: this seems to enhance a weak westward circulation into the lower mantle. 

Figures 4.46 and 4.47 show depth (upper panel) and velocity (lower panel) evolution for the South 

American and Japanese slab in Figure 4.45. The depth evolution (Figure 4.46, upper panel) for the 

South American slab starts at about 30 Myr, at a depth of about 450 km. Its depth slowly increases 

up to the 670 km discontinuity at 10 Myr, then it deepens abruptly at 0 Myr, reaching ~800 km depth. 

Velocity evolution (Figure 4.46, lower panel) for this slab starts at 30 Myr with a velocity of 10 

mm/yr. Between 20 and 10 Myr the slab tip velocity is constant at 20 mm/yr, increasing to 30 mm/yr 

at 0 Myr. For the Japanese slab the depth evolution (Figure 4.47, upper panel) starts at 60 Myr and at 

a depth of ~800 km. Its depth increases constantly up to about 1800 km, depth that is kept constant 

for 20 and 10 Myr. At 0 Myr its depth is instead shallower, reaching 2200 km. Velocity evolution 

(Figure 4.47, lower panel) for this slab starts at 60 Myr with a velocity of about 30 mm/yr that 

increases up to 50 mm/yr at 50 Myr. The velocity of the slab tip then decreases down to 0 mm/yr at 

10 Myr. At 0 Myr it has a value of 30 mm/yr. 
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Figure 4.46 – Depth (upper panel) and velocity (lower panel) data for the South American slab of model 
majfo89_1. The depth evolution (upper panel) for the South American slab starts at about 30 Myr, at a depth of about 
450 km. Its depth slowly increases up to the 670 km discontinuity, at 10 Myr, the it deepens abruptly at 0 Myr, reaching 
~800 km depth. Velocity evolution (lower panel) for this slab starts at 30 Myr, with a velocity of 10 mm/yr. Between 
20 and 10 Myr the slab tip velocity is constant at 20 mm/yr, increasing to 30 mm/yr at 0 Myr. 
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4.5.12 Model majfo89_2 
 

Figure 4.48 shows the step 0 of the model majfo89_2. In this model the evolution of plate motion 

velocity (from 140 to 0 Myr) in a shallow hotspot reference frame (Table 4.1) is applied as boundary 

conditions, for a total runtime of 140 Myr corresponding to 14 arbitrary defined Steps of 10 Myr 

each. 

 

Figure 4.47 – Depth (upper panel) and velocity (lower panel) data for the Japanese slab of model majfo89_1. For 
the Japanese slab, the depth evolution (upper panel) starts at 60 Myr and at a depth of ~800 km. Its depth increases 
constantly up to about 1800 km, depth that is kept for 20 and 10 Myr. At 0 Myr, its depth is instead shallower, reaching 
2200 km. Velocity evolution for this slab has a maximum peak of the velocity value of 50 mm/yr at 50 Myr, whereas it 
has a minimum peak of 0 mm/yr at 10 Myr. 
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South America (Figure 4.48, upper panel): here the lithosphere is about 100 km thick at the western 

boundary of the quarter annulus. It thickens towards the east, right westward of the South American 

coastlines, where the wedge in front of the South American slab reaches a depth of ~410 km. Here 

the slab is about 730 km depth. In correspondence of the eastern boundary of the numerical domain 

the lithosphere has a thickness of ~150 km. Velocity vectors have a westward direction for all the 

plate surfaces. Pacific and South America plates show comparable velocities, higher with respect to 

the Nazca plate that has shorter velocity vectors. Vectors within the subducting slab are of the same 

length if compared with vectors of the South American plate, pointing to a westward subduction 

direction. Velocity vectors are shorter within the mantle and rise towards the East Pacific Rise and 

the Pacific plate, showing a consistent circulation within the upper mantle. Velocities decrease further 

at depth, however the circulation seem to be consistent in the upper part of the lower mantle. The 

Figure 4.48 - Step 0 relative to model majfo89_2. In the upper panel model majfo89_2 shows a lithosphere that is about 100 km thick 
at the western boundary of the quarter annulus. It thickens towards the east, right westward of the South American coastlines, where 
the wedge in front of the South American slab reaches a depth of ~410 km. Here, the slab is about 730 km depth. In correspondence 
of the eastern boundary of the numerical domain the lithosphere has a thickness of ~150 km. Velocity vectors have a westward direction 
for all the plate surfaces. Pacific and South America plates show comparable velocities, higher with respect to the Nazca plate that has 
shorter velocity vectors. The Pacific area (lower panel) from the westernmost side of the numerical domain shows a uniform depth of 
the lithosphere of ~410 km. This side of the quarter annulus shows more nails of lithosphere that enters the mantle below the Indo-
Australian and Eurasian plates. They start all from about the 410 km discontinuity and stop at about 500 km depth, exceeding the 670 
km discontinuity only in correspondence of an old faded slab below Eurasia, which penetrate the 670 km discontinuity, reaching almost 
1160 km depth. However, they all contribute to cool down the upper mantle temperature in this region. Under Japan the lithosphere is 
about 410 km thick, but no slabs are observable. Velocity vectors on the lithosphere surface follow a global westward direction. 
Velocities of the Indo-Australian plate lithosphere are high and velocity vectors are of the same length with respect to the Eurasia and 
they increase in length within the Pacific plates. Globes in the right part of this figure show surface plate kinematics in a shallow 
hotspot reference frame at this stage, with the black line suggesting the position of the tectonic equator, along which the 2d slice of this 
model is cut. In profiles Y-Y’ and W-W’ the lateral extension and geographical location of the correspondent quarter annulus surface 
are shown. The dashed Trench line represents where the subduction trench should be. 
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temperature is of about 1300°C at the bottom of the lithosphere, along the entire spherical annulus, 

and 0°C at its top. At the CMB the temperature is of about 2300°C. Temperature gradually increases 

within the mantle. Pacific (Figure 4.48, lower panel): the Pacific area from the westernmost side of 

the numerical domain, shows a uniform depth of the lithosphere of ~410 km. This side of the quarter 

annulus shows more nails of lithosphere that enters the mantle below the Indo-Australian and 

Eurasian plates. They start all from about the 410 km discontinuity and stop at about 500 km depth, 

exceeding the 670 km discontinuity only in correspondence of an old faded slab below the Eurasian 

plate, which penetrate the 670 km discontinuity reaching almost 1160 km depth. However, they all 

contribute to cool down the upper mantle temperature in this region. Under Japan the lithosphere is 

about 410 km thick, but no slabs are observable. 

Velocity vectors on the lithosphere surface follow a global westward direction. Velocities of the Indo-

Australian plate lithosphere are high and velocity vectors are of the same length with respect to 

Eurasia, whereas they further increase in length within the Pacific plates. Velocity vectors slightly 

decrease at depth, within the mantle, maintaining a consistent value. This produces a circulation into 

the mantle which has the same direction of the lithosphere but with a minor intensity with respect to 

it. Temperature of the lithosphere is 0°C at its top and reaches ~1300°C at its bottom. The bottom of 

the domain has a temperature of about 2300°C. Within the mantle, the temperature increases from 

the top to the bottom. 

In Figures 4.49 and 4.50, depth (upper panel) and velocity (lower panel) evolution for the South 

American and Japanese slabs, respectively, are shown. The South American slab depth evolution 

(Figure 4.49, upper panel) starts at a depth of about 200 km. Its depth increases up to ~1390 km at 60 

Myr. After this timestep, the active tip of the subducting slab becomes shallower reaching a depth of 

about 520 km. 
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At 40 Myr the slab reaches 580 km depth, whereas it is 730 km depth during the last 30 Myr of the 

model run, between 30 and 0 Myr. Velocity evolution of this slab (Figure 4.49, lower panel) starts at 

about 90 mm/yr at 140 Myr. This value decreases down to 25 mm/yr at 110 Myr and increases again 

up to 75 mm/yr during the 10 Myr between 100 and 90 Myr. Then the velocity of the slab tip goes 

back to ~25 mm/yr and this value is kept constant during the 30 Myr between 80 and 50 Myr. Then 

it rises up to 110 mm/yr at 30 Myr, decreasing again to 25 mm/yr, at 10 Myr. The last 10 Myr of the 

model run are characterized by an increasing velocity, reaching a value of about 130 mm/yr at 0 Myr. 

Figure 4.49 – Depth (upper panel) and velocity (lower panel) data for the South American slab of model 
majfo89_2. The South American (upper panel) slab depth evolution starts at a depth of about 200 km. Its depth 
increases up to ~1390 km at 60 Myr. After this timestep, the active tip of the subducting slab becomes shallower, at a 
depth of about 520 km. At 40 Myr, the slab reaches 580 km depth, whereas it is 730 km depth during the last 30 Myr 
of the model run, between 30 and 0 Myr. Velocity evolution of this slab (lower panel) has its minimum value at about 
25 mm/yr, reached at 110, 80-50 and 10 Myr, whereas its maximum peak is at 0 Myr, where the slab tip reaches  a 
velocity of about 130 mm/yr. 
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In Figure 4.50 the depth (upper panel) and velocity (lower panel) evolution through time for the 

Japanese lithosphere in Figure 4.48 is shown. The depth evolution (Figure 4.50, upper panel) for this 

part of lithosphere starts at 30 Myr, with a thickness of about 200 km. It reaches the maximum depth 

of ~490 km, that is maintained at 0 Myr. Evolution for velocities (Figure 4.50, lower panel) of the 

lithosphere in this area starts at 30 Myr, at a value of about 120 mm/yr. It then decreases at 50 mm/yr, 

between 20 and 10 mm/yr, increasing again at 0 Myr, having a value of about 90 mm/yr. 

 

 

Figure 4.50 – Depth (upper panel) and velocity (lower panel) data for the Japanese lithosphere of model majfo89_2. The depth 
evolution (upper panel) for this part of lithosphere starts at 30 Myr, with a thickness of about 200 km. It reaches the maximum depth 
of ~490 km, that is maintained at 0 Myr. Evolution for velocities of the lithosphere (lower panel) in this area has its maximum value 
at 30 Myr, when it reaches ~120 mm/yr, whereas its minimum peak is reached between 20 and 10 Myr, at about 50 mm/yr. 
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4.6 2d results in relative reference frames 
 

In this section two models in relative reference frames will be shown. In particular, model majol_sa 

and majol_ma (Figure 4.51) were realized using the majorite-Fo50 rheological profile (Boneh et al., 

2017; Griffin et al., 2009; Nekvasil et al., 2004; see Figure 4.37 for the initial thermal setup). These 

models were carried out applying the current plate motion velocities for 140 Myr. However, since 

these boundary conditions are rather constrained and to allow a better comparison with numerical 

models previously showed in this thesis which are realized using an upper fixed plate reference frame, 

these models will be shown at a timestep of 70 Myr. This was the most reasonable compromise 

between subduction zones dynamics in the ASPECT’s models, due to the rheological profile, and 

duration of the model run. These models has been carried out on 2d slices corresponding to a slightly 

modified tectonic equator which has its rotation pole coordinates at longitude 100°E and latitude 

65°S. Its coordinates were slightly modified to cross the two subduction zones whose upper plate was 

taken as reference frame. 

Furthermore, although a model using the majorite-Fo89 rheological profile (Bina, 1998; Mitra, 2004; 

Raye et al., 2011) was realized, it will not be shown in this section. It presents localization problems 

of the subducting slab due to the combination between the long-term applied velocity to the lower 

plate and the low resistance of the upper plate. However, it will be shown in the Appendix B 

(Appendix B, Figure B.61). 

Figure 4.51 (upper panel) shows the step 7 of the model majol_sa. In this model the current plate 

motion velocities with respect to fixed South America were applied as boundary conditions, for a 

total runtime of 70 Myr corresponding to 7 steps of 10 Myr each that were arbitrarily defined.  

 



 

 168 

 
Figure 4.51 - Step 7 relative to model majol_sa (upper panel) and model majol_ja (lower panel). In model majol_sa (upper panel), 
the lithosphere at the western boundary of the numerical domain is about 100 km thick. Right eastward with respect to the South 
American coastlines a lithospheric slab can be observed with a maximum depth of about 750 km. Velocity vectors show a westward 
direction of the Pacific plate, at the western boundary of the domain, whereas they become consistently faster and with an eastward 
direction of motion in correspondence of the Nazca plate. The South American plate is fixed. In model majol_ma (lower panel), the 
lithosphere at the western boundary of the numerical domain is about 300 km thick. This depth is constant until the Marianas region, 
towards the east, where a lithospheric slab can be observed with a maximum depth of about 1020 km. It has a regular shape within the 
mantle. From the Marianas slab the lithosphere thickness goes back to ~350 km depth. Velocity vectors show an eastward direction of 
the Indo-Australian plate, as well as the Eurasian plate. Between this latter and the Pacific plate the fixed Marianas plate can be seen. 
Globes in the right part of this figure show surface plate kinematics in a South American fixed reference frame (upper panel) and in a 
Marianas plate fixed reference frame (lower panel) at this stage, with the black line suggesting the position of the modified tectonic 
equator (which has the rotation pole at coordinates of longitude 100°E and latitude 65°S), along which the 2d slices of the models are 
cut. Profiles E1-E1’ and F1-F1’ show the geographical position and the lateral extension of the quarter annulus represented in this 
figure. The dashed Trench line represents where the subduction trench should be located. 

 

In this model (Figure 4.51, upper panel) the lithosphere at the western boundary of the numerical 

domain is about 100 km thick. Right eastward with respect to the South American coastlines a 

lithospheric slab can be observed with a maximum depth of about 750 km. It has a wedge shape, with 

an irregular top boundary. It ends just on the western boundary of the Atlantic ocean, whereas 

eastward the lithosphere is ~200 km thick, reaching the easternmost boundary of the quarter annulus. 

Velocity vectors show a westward direction of the Pacific plate at the westward boundary of the 

domain, whereas they become consistently faster and with an eastward direction in correspondence 

of the Nazca plate. The South American plate is fixed. Thus, subduction direction in this case occurs 

from W to E. Moreover, velocity vectors show an active circulation within the upper mantle having 

a westward direction, i.e., towards the East Pacific Rise, below the Nazca plate and an eastward 

direction in front of the subducting slab. No circulation appears to occur within the lower mantle. 

Temperature of the lithosphere is 0°C at its top and reaches ~1300°C at its bottom. The bottom of the 
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domain has a temperature of about 2000°C as well as almost all the lower mantle.  

Figure 4.51 (lower panel) shows the step 7 of the model majol_ma. In this model the current plate 

motion velocities with respect to fixed Marianas plate were applied as boundary conditions, for a total 

runtime of 70 Myr corresponding to 7 arbitrarily defined steps of 10 Myr each. Here the lithosphere 

at the western boundary of the numerical domain is about 300 km thick. This depth is constant until 

the Marianas region, towards the east, where a lithospheric slab can be observed with a maximum 

depth of about 1020 km. It has a regular shape within the mantle. From the Marianas slab the 

lithosphere thickness goes back to ~350 km depth. Velocity vectors show an eastward direction of 

the Indo-Australian plates, as well as the Eurasian plate. Between this latter and the Pacific plate the 

fixed Marianas plate can be seen. The Pacific plate has the fastest motion towards the west among all 

the above described plates. Thus, subduction direction in this case occurs mainly from E to W. No 

circulation appears to occur within both the upper and lower mantle. Temperature of the lithosphere 

is 0°C at its top and reaches ~1300°C at its bottom. The bottom of the domain has a temperature of 

about 2000°C as well as almost all the lower mantle. 

In Figures 4.52 and 4.53 depth and velocity evolution for model majol_sa and model majol_ma, 

respectively, are shown. Depth evolution for model majol_sa (Figure 4.52, upper panel) starts from 

70 Myr at a depth of about 100 km. Since the starting runtime for this model the slab depth increases 

constantly up to 750 km at 0 Myr. Velocity evolution (Figure 4.52, lower panel) starts at a value of 

20 mm/yr at 70 Myr, this value decreases down to 10 mm/yr and it is constant between 50 and 10 

Myr. 
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At 0 Myr, velocity of the subducting slab is 0 mm/yr. Depth evolution (Figure 4.53, upper panel) for 

model majol_ma starts from 70 Myr at a depth of about 100 km. Since the starts of this model run the 

slab depth constantly rises up until 1020 km depth at 0 Myr. Velocity evolution (Figure 4.53, lower 

panel) starts at a value of 20 mm/yr during 70 and 60 Myr, this value decreases down to 10 mm/yr 

and it is constant between 50 and 10 Myr. 

Figure 4.52 – Depth (upper panel) and velocity (lower panel) data for the South American side of model majol_sa. 
The South American slab depth evolution (upper panel) for model majol_sa starts from 70 Myr, at a depth of about 100 
km. Since the starting runtime for this model the slab depth increases constantly up to 750 km at 0 Myr. Velocity 
evolution (lower panel) starts at 70 Myr. For this evolution the slab tip has a maximum velocity of about 20 mm/yr at 
70 and 60 Myr, whereas its minimum peak is 0 mm/yr at 0 Myr. 
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Figure 4.53 – Depth (upper panel) and velocity (lower panel) data for the Marianas lithosphere of model 
majol_ma. Depth evolution for the Marianas slab (upper panel) starts from 70 Myr, at a depth of about 100 km. Since 
the starts of this model run the slab depth constantly rises up until 1020 km depth, at 0 Myr. Velocity evolution (lower 
panel) starts at a value of 20 mm/yr during 70 and 60 Myr, this value decreases down to 10 mm/yr and it is constant 
between 50 and 10 Myr.Velocity evolution (lower panel) shows its maximum peak at 20 mm/yr, whereas the minimum 
peaks are reaches 50 mm/yr for the remaining timesteps of the model. 
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4.7 3d results in absolute reference frames 
 

Using the ASCII Reference Profile Material model two 3-dimensional experiments were made. In 

these models the majorite-Fo50 rheological profile (Boneh et al., 2017; Griffin et al., 2009; Nekvasil 

et al., 2004) was used, whose thermal initial stage for the entire spherical domain was shown in Figure 

4.37. Thus, that initial stage is valid for both models presented in this subsection, i.e., models 

majol3d_1 (Figures 4.54 and 4.56) and majol3d_2 (Figures 4.57 and 4.59) since they were carried 

out using the same ASCII Reference Profile model, in a deep hotspot reference frame (angular 

velocity provided by Seton et al., 2012) and a shallow hotspot reference frame (Table 4.1) 

respectively. 

 

4.7.1 Model majol3d_1 
 

 
Figure 4.54 - Step 0 relative to model majol3d_1. In the upper panel, model majol3d_1 shows a lithosphere, at the western boundary 
of the numerical domain, that is about 410 km thick. Right eastward with respect to the South American coastlines a lithospheric 
thickening can be observed, with a maximum depth of about 640 km. Going towards the east, the lithosphere thickness becomes ~410 
km depth again until the easternmost boundary of the annulus. Velocity vectors show a westward direction of the Pacific plate, at the 
western boundary of the domain, a N-S direction for the East Pacific Rise, where velocity vectors reverse their motion direction in 
correspondence of the Nazca plate, that has an eastward direction of motion. The South American plate has a westward-directed 
lithospheric motion and its direction inversion occurs below the eastern boundary of the South American coastline. The lithosphere is 
~410 km thick at the western boundary of the spherical annulus in the Pacific area (lower panel). Under Indonesia a segment of 
descending lithosphere into the mantle can be seen, reaching a depth of about 1280 km. However, an older and hotter prosecution of it 
at depth can be seen, being almost mixed with the surrounding mantle, reaching the bottom of the model domain. Eastward, the 
lithosphere has a thickness of ~410 km, reaching the Japanese area and the Japanese slab. This slab reaches here ~1620 km depth. 
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Velocity vectors on the lithosphere surface are eastward-directed for the Indo-Australian plate, whereas they invert their motion 
direction in correspondence of the Eurasian plate, becoming strictly westward-directed on the Pacific plates surface. Globes in the right 
part of this figure show surface plate kinematics in a deep hotspot reference frame at this stage, with the black line suggesting the 
position of the tectonic equator, along which the 2d slice within the 3d model is cut. Profiles A1-A1’ and B1-B1’ are shown to point 
out to the surface of the correspondent quarter annulus geographical location and lateral extension. The dashed Trench line points to 
where the subduction trench should be. 

 

Figure 4.54 shows the step 0 of the model majol3d_1. In this model the evolution of plate motion 

velocity (from 140 to 0 Myr) in a deep hotspot reference frame (rotation data collected by Seton et 

al., 2012) is applied as boundary conditions, for a total runtime of 140 Myr arbitrarily divided into 14 

Steps of 10 Myr each. South America (Figure 4.54, upper panel): in model majol3d_1, the 

lithosphere at the western boundary of the numerical domain is about 410 km thick. Right eastward 

with respect to the South American coastlines a lithospheric thickening can be observed, with a 

maximum depth of about 640 km. Going towards the east, the lithosphere thickness becomes ~410 

km depth again until the easternmost boundary of the annulus. Velocity vectors show a westward 

direction of the Pacific plate, at the western boundary of the domain, a N-S direction for the East 

Pacific Rise, where velocity vectors reverse their motion direction in correspondence of the Nazca 

plate that has an eastward direction of motion. The South American plate has a westward-directed 

lithospheric motion and its direction inversion occurs below the eastern boundary of the South 

American coastlines. Thus, lithospheric accumulation in this area can occur in both direction of 

motion, from E to W and from W-to E. Moreover, velocity vectors show a particularly weak 

circulation within the upper mantle, whereas an active circulation right above the CMB, in the lower 

mantle, with a vigorous upwelling of mantle material right below the South American slab can be 

observed. Temperature of the lithosphere is 0°C at its top and reaches ~1300°C at its bottom. The 

bottom of the domain has a temperature of about 2330°C as well as almost the totality of the lower 

mantle. Pacific (Figure 4.54, lower panel): looking at this side of the spherical shell the lithosphere 

is ~410 km thick at the western boundary of the spherical annulus. Under Indonesia a segment of 

descending lithosphere into the mantle can be seen, reaching a depth of about 1280 km. However, an 

older and hotter prosecution of it at depth can be seen, being almost mixed with the surrounding 

mantle, reaching the bottom of the model domain. Eastward, the lithosphere has a thickness of ~410 

km, reaching the Japanese area and the Japanese slab. This slab reaches here ~1620 km depth. Right 

eastward with respect to the slab the lithosphere shows a thickened area that reaches about 670 km 

depth, after which the lithosphere has a thickness of about 410 km until the end of the spherical 

annulus. Velocity vectors on the lithosphere surface are eastward-directed for the Indo-Australian 

plate, whereas they invert their motion direction in correspondence of the Eurasian plate, becoming 

strictly westward-directed on the Pacific plates surface. This points to a subduction direction that goes 

from W to E for the Indonesian subduction zone and from E to W for the Japanese subduction zone. 
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Velocity vectors along the subducting slabs are long and almost comparable with vectors on the 

surface. Circulation within the upper mantle is weak, except in the area between the two slabs. In 

fact, the motion of the Japanese slab enhances a vigorous counterflow within its frontal mantle wedge, 

that influence mantle circulation reaching the Indonesian slab. However, all these vectors flow in the 

lower mantle, where there is a vigorous circulation down to the CMB. Temperature of the lithosphere 

is 0°C at its top and reaches ~1300°C at its bottom. The bottom of the domain has a temperature of 

about 2330°C as well as almost the totality of the lower mantle. 

Figures 4.55 and 4.56 show depth and velocity evolution for the South American and Japanese slab, 

respectively. The depth evolution (Figure 4.55, upper panel) for the South American slab starts at 

about 50 Myr, at which the lithosphere reaches a depth of ~250 km. Its depth constantly increases up 

to ~640 km at 10 Myr. This depth is kept also at 0 Myr. Velocity evolution (Figure 4.55, lower panel) 

starts at 50 Myr, at which the deepest point of the lithosphere assumes a velocity of about 30 mm/yr. 

This value decreases down to 20 mm/yr at 40 Myr and increases again at 30 Myr, reaching a value of 

about 40 Myr. This value decreases to 30 (between 20 and 10 Myr) and increases again to 40 mm/yr 

at 0 Myr. Depth evolution for the Japanese lithosphere (Figure 4.56, upper panel) starts at the 

beginning of the model run, i.e. 140 Myr, at a depth of ~175 km. The lithospheric depth increases up 

to ~1310 km (90 Myr), being constant then for 10 Myr between 90 and 80 Myr. Then it starts to 

deepen again, more rapidly, reaching 2900 km depth (i.e., the CMB bottom of the numerical domain) 

at 40-30 Myr. Then the deepest point of the Japanese lithosphere becomes shallower, reaching ~1540 

km depth between 20 and 10 Myr, reaching about 1620 km depth at the last stage, i.e. 0 Myr. Velocity 

evolution (Figure 4.56, lower panel) of the deepest lithospheric point of the Japanese area starts at 

140 Myr and at a velocity of about 100 mm/yr. This velocity decreases down to 40 mm/yr between 

130 and 110 Myr. 
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Figure 4.55 – Depth (upper panel) and velocity (lower panel) data for the South American lithosphere of model 
majol3d_1. The South American (upper panel) slab depth evolution starts at about 50 Myr, at which the lithosphere 
reaches a depth of ~250 km. Its depth constantly increases up to ~640 km at 10 Myr. This depth is kept also at 0 Myr. 
Velocity evolution (lower panel) starts at 50 Myr, at which the deepest point of the lithosphere assumes the maximum 
velocity of about 40 Myr at 30 and 0 Myr, whereas its minimum peak is 20 mm/yr at 40 Myr. 
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Starting from 100 Myr its value decreases again reaching 30 mm/yr, constant between 90-70 Myr. It 

increases abruptly up to 100 mm/yr at 50 Myr. Between 50 and 10 Myr the velocity decreases, 

reaching at 10 Myr 10 mm/yr. At 0 Myr, it increases at 30 mm/yr. 

 

 

 

 

Figure 4.56 – Depth (upper panel) and velocity (lower panel) data for the Japanese lithosphere of model 
majol3d_1. Depth evolution for the Japanese lithosphere (upper panel) starts at the beginning of the model run, i.e. 140 
Myr, at a depth of ~175 km. The lithospheric depth increases up to ~1310 km (90 Myr), being constant then for 10 Myr 
between 90 and 80 Myr. Then it starts to deepen again, more rapidly, reaching 2900 km depth (i.e., the CMB bottom 
of the numerical domain) at 40-30 Myr. Then the deepest point of the Japanese lithosphere becomes shallower, reaching 
~1540 km depth between 20 and 10 Myr, reaching about 1620 km depth at the last stage, i.e. 0 Myr. Velocity evolution 
(lower panel) shows maximum peaks at 100 mm/yr at 140-130 and 50 Myr, whereas the minimum peak is at 10 Myr, 
reaching 10 mm/yr 
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4.7.2 Model majol3d_2 
 

 
Figure 4.57 - Step 0 relative to model majol3d_2. In the upper panel, the South American lithosphere at the western boundary of the 
numerical domain is about 500 km thick. Westward with respect to the South American coastlines a wide thickened lithospheric area 
can be observed, with a maximum depth of about 1250 km. It extends from below the plate boundary between Pacific and Nazca plates 
to the easternmost boundary of the South American coastlines. Going towards the east, the lithosphere thickness becomes ~670 km 
depth until the easternmost boundary of the domain. Velocity vectors show a westward direction of motion for the tectonic plates, 
being the Pacific and the South American (at the boundaries) faster with respect to the central slower Nazca plate. Looking at the 
Pacific side (lower panel) the lithosphere is ~1310 km thick at the western boundary of the spherical annulus, between India and 
Indonesia. Under the western Eurasian plate the lithosphere is about 600 km depth. In correspondence of eastern Eurasia and Pacific 
plates an almost homogeneous lithosphere is ~1330 km depth until the end of the quarter annulus. Velocity vectors on the lithosphere 
surface are westward-directed and their velocity is slower towards the western side of the domain, in correspondence of the Indo-
Australian plates, increasing slightly towards the eastern Eurasian and Pacific plates. Globes in the right part of this figure show surface 
plate kinematics in a shallow hotspot reference frame at this stage, with the black line suggesting the position of the tectonic equator, 
along which the slice within the 3d model is cut. In profiles C1-C1’ and D1-D1’ lateral extension and geographical position of the 
correspondent quarter annulus are shown. The dashed vertical Trench line points to where the subduction trench should be. 

 

Figure 4.57 shows step 0 of the model majol3d_2. In this model the evolution of plate motion velocity 

(from 140 to 0 Myr) in a shallow hotspot reference frame (Table 4.1) is applied as boundary 

conditions, for a total runtime of 140 Myr corresponding to 14 Steps of 10 Myr each, arbitrarily 

defined. South America (Figure 4.57, upper panel): in model majol3d_2 the lithosphere at the 

western boundary of the numerical domain is about 500 km thick. Westward with respect to the South 

American coastlines a wide thickened lithospheric area can be observed, with a maximum depth of 

about 1250 km. It extends from below the plate boundary between Pacific and Nazca plates to the 

easternmost boundary of the South American coastlines. Going towards the east the lithosphere 

thickness becomes ~670 km depth until the easternmost boundary of the domain. Velocity vectors 

show a westward direction of motion of the tectonic plates, being the Pacific and the South American 
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faster with respect to the central slower Nazca plate, pointing to an E to W direction of the lithospheric 

accumulation. The velocity vectors show a homogeneous circulation within both the upper and the 

lower mantle except for the western part of the lithospheric thickening. Velocity vectors slightly 

shortens towards the CMB. Temperature of the lithosphere is 0°C at its top and reaches ~1300°C at 

its bottom. The bottom of the domain has a temperature of about 2330°C as well as almost the totality 

of the lower mantle. Pacific (Figure 4.57, lower panel): looking of this side of the spherical shell, 

the lithosphere is ~1310 km thick at the westward boundary of the spherical annulus, between India 

and Indonesia. Under the western Eurasian plate the lithosphere is about 600 km depth. In 

correspondence of eastern Eurasia and Pacific plates an almost homogeneous lithosphere is ~1330 

km depth until the end of the quarter annulus. Velocity vectors on the lithosphere surface are 

westward-directed and their velocity is slower towards the western side of the domain in 

correspondence of the Indo-Australian plates, increasing slightly towards the eastern Eurasia and 

Pacific plates. Circulation within the entire mantle is weak. Temperature of the lithosphere is 0°C at 

its top and reaches ~1300°C at its bottom. The bottom of the domain has a temperature of about 

2330°C as well as almost the totality of the lower mantle.  

Figures 58 and 59 show depth and velocity evolution for the South American and Japanese slab in 

Figure 57. The depth evolution (Figure 4.58, upper panel) for the South American slab starts at 140 

Myr, at a depth of about 175 km. Its depth increases up to ~1450 km, at 100 Myr. This value is 

constant until 70 Myr. The lithosphere depth then decreases to ~1160 km at 60 Myr, slightly 

increasing up to about 1250 km until 0 Myr. Velocity evolution (Figure 4.58, lower panel) for this 

slab starts at the beginning of the model run, i.e., 140 Myr, with a velocity of 110 mm/yr. At 130 Myr 

the slab tip is faster, reaching 200 mm/yr, whereas it decreases abruptly down to 0 mm/yr at 110 Myr. 

Then it starts to increase again, reaching 25 mm/yr between 100 and 90 Myr, 50 mm/yr between 80 

and 70 Myr and 75 mm/yr at 60 Myr. Velocity value decreases down to 25 mm/yr between 50 and 

40 Myr, whereas it assumes a value of 85 mm/yr at 30 Myr, to decrease afterwards down to 0 mm/yr, 

at 10 Myr and 50 mm/yr at 0 Myr, the end of the model run.  
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For the Japanese slab, the depth evolution (Figure 4.59, upper panel) starts at 70 Myr at a depth of 

~580 km. Its depth increases slowly up to about 725 km, stagnating at the 670 km discontinuity (red 

dashed line) between 60 and 40 Myr. Lithosphere depth increases abruptly to about 1220 km at 30 

Myr, starting to increase slowly again afterwards reaching ~1330 km depth at 0 Myr. 

Figure 4.58 – Depth (upper panel) and velocity (lower panel) data for the South American lithosphere of model 
majol3d_2. The South American (upper panel) slab depth evolution starts at 140 Myr, at a depth of about 175 km. Its 
depth increases up to ~1450 km, at 100 Myr. This value is constant until 70 Myr. The lithosphere depth then decreases 
to ~1160 km at 60 Myr, slightly increasing up to about 1250 km until 0 Myr. Velocity evolution (lower panel) starts at 
140 Myr. For this evolution the deepest point of the lithosphere assumes a maximum velocity of about 200 mm/yr at 
130 Myr, whereas its minimum peak is 0 mm/yr at 110 and 10 Myr. 
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Velocity evolution (Figure 4.59, lower panel) for this slab starts at 70 Myr with a velocity of about 

85 mm/yr, that decreases down to 50 mm/yr at 50-40 Myr. The velocity at the slab tip then increases 

up to 100 mm/yr at 30 Myr, decreases down to 50 mm/yr between 30 and 10 Myr and finally rises 

again at 0 Myr, reaching 85 mm/yr. 

 

 

 

Figure 4.59 – Depth (upper panel) and velocity (lower panel) data for the Japanese lithosphere of model 
majol3d_2. Depth evolution for the Japanese lithosphere (upper panel) starts at 70 Myr, at a depth of ~580 km. Its depth 
increases slowly up to about 725 km, stagnating at the 670 km discontinuity between 60 and 40 Myr. Lithosphere depth 
increases abruptly at about 1220 km at 30 Myr, starting to increase slowly again afterwards reaching ~1330 km depth 
at 0 Myr. Velocity evolution (lower panel) shows its maximum peak at 110 mm/yr at 30 Myr, whereas the minimum 
peaks are at 50, 40 and 10 Myr, reaching 50 mm/yr 
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To conclude this results section, recap figures (Figures 4.60-4.63) showing depth (km) vs step and 

velocity (mm/yr) vs step are shown. First, depth and velocity data relative to models in a deep hotspot 

reference frame (Figures 4.60-4.61), then data relative to models in a shallow hotspot reference frame 

will be shown (Figures 4.62-4.63). Data relative to reference frames with respect to fixed South 

America and Marianas plate are shown together with the deep hotspot reference frame since they 

have the same velocity order of magnitude. 

In Figure 4.60, among seven models in a deep hotspot reference frame (angular vectors provided by 

Seton et al., 2012) and one in a South America fixed reference frame, in the 37% the lithosphere does 

not penetrate across the 670 km discontinuity (red dashed line), in 38% of the cases it barely 

penetrates the 670 km discontinuity and in the remaining 25% the lithosphere exceeds the 670 km 

discontinuity.  

In Figure 4.61, among seven models in a deep hotspot reference frame (rotation data collected by 

Seton et al., 2012) and one in a Marianas fixed reference frame, in the 12% of the cases the lithosphere 

does not penetrate across the 670 km discontinuity (red dashed line), in 13% of the cases it barely 

penetrate the 670 km discontinuity and in the remaining 75% the lithosphere exceeds the 670 km 

discontinuity.  

Velocities are on average higher for the lithosphere on the Pacific side of the spherical shell domain 

and age of the deepening processes active on the lithosphere seems to be higher for the Pacific side 

with respect to the South American one. 

Of seven models (Figure 4.62) in a shallow hotspot reference frame (Table 4.1), in the 57% of the 

cases the lithosphere does not penetrate across the 670 km discontinuity (red dashed line), in 43% of 

the cases the lithosphere exceeds the 670 km discontinuity. In Figure 4.63, among seven models in a 

shallow hotspot reference frame (Table 4.1), in the 71% of the cases the lithosphere does not penetrate 

across the 670 km discontinuity (red dashed line), in 15% of the cases it barely penetrates the 670 km 

discontinuity and in the remaining 14% the lithosphere exceeds the 670 km discontinuity. Velocities 

are on average higher for the Pacific side whereas the age of deepening processes acting on the 

lithosphere seems to be higher for the South American side with respect to the Pacific one. 
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Figure 4.60 – Depth and velocity data relative to deep hotspot reference frame and with respect to South America fixed. Among 
seven models in a deep hotspot reference frame and one in a South America fixed reference frame, in the 37% the lithosphere does not 
penetrate across the 670 km discontinuity (red dashed line), in 38% of the cases it barely penetrates the 670 km discontinuity and in 
the remaining 25% the lithosphere exceeds the 670 km discontinuity.  
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Figure 4.61 – Depth and velocity data relative to deep hotspot reference frame and with respect to Marianas fixed. Among seven 
models in a deep hotspot reference frame and one in a South America fixed reference frame, in the 37% the lithosphere does not 
penetrate across the 670 km discontinuity (red dashed line), in 38% of the cases it barely penetrates the 670 km discontinuity and in 
the remaining 25% the lithosphere exceeds the 670 km discontinuity. 
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Figure 4.62 – Depth and velocity data relative to shallow hotspot reference frame. Of seven models in a shallow hotspot reference 
frame, in the 57% of the cases the lithosphere does not penetrate across the 670 km discontinuity (red dashed line), in 43% of the cases 
the lithosphere exceeds the 670 km discontinuity. 
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Figure 4.63 – Depth and velocity data relative to shallow hotspot reference frame. Among seven models in a shallow hotspot 
reference frame, in the 71% of the cases the lithosphere does not penetrate across the 670 km discontinuity (red dashed line), in 15% 
of the cases it barely penetrates the 670 km discontinuity and in the remaining 14% the lithosphere exceeds the 670 km discontinuity. 
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4.8 Discussion  
 

Our results show a broad evidence of interactions and interrelations between rheological profiles used 

for the realization of the numerical models and different surface plate kinematics. For some models, 

for example, the lithosphere evolution does not show a subducting slab but just a lithospheric 

thickening and some slabs present opposite subduction direction with respect to what can be observed 

in nature. This happens more often for models in the shallow hotspot reference frame (Table 4.1) and 

it is possibly related to the global westward-direction of plate motion and to the higher velocities of 

plates in this reference frame. The first thing that stands out from this Chapter results is that using the 

evolution of plate motion in global numerical models simulating interactions between plate tectonics 

and mantle convection is of first order importance. In fact, as shown from Figures 4.11 and 4.14, the 

subduction obtained in a spherical shell domain when using a constant velocity for the entire duration 

of the model run is not comparable with natural observable.  

The observable subduction direction for the South American slab is currently towards the east. The 

deep hotspot reference frame models mostly preserve this observation and, even when there is only 

just a lithospheric thickening instead of a well-defined subducting slab, the main direction of motion 

for its lithosphere accumulation is from W to E (e.g., Figures 4.17 and 4.31). The shallow hotspot 

reference frame models show an opposite direction of motion for the South American lithosphere 

(e.g., Figures 4.20 and 4.34), which thus accumulates or subducts from E to W. This is probably due 

to the different surface kinematics in addition to an insufficiently constrained lithosphere. In fact, in 

this area and with this reference frame both the Nazca and the South American lithospheric plates 

move towards the west, being the second one faster than the first one. As a result, without any 

discrimination about the nature of the lithosphere for the upper and lower plates, i.e., continental or 

oceanic, nor about their thickness, the faster plate is the one that easily subducts, i.e., the upper South 

American plate. Subduction occurs instead with the correct kinematics in the deep hotspot reference 

frame because of the faster eastward motion of the Nazca plate that opposes its motion to a slower 

westward moving South American plate. This allows subduction to occur having the current 

subduction direction observed in nature even without constraining the lithosphere with its nature or 

thickness. 

Some results show slabs localization problems: subducting slabs, at 0 Myr (i.e., step 0), are not located 

below their correct current trench position. This likely happens because the surface velocity of the 

subducting lithosphere is too high with respect to the resistance offered by the lithosphere of the upper 

plate, thus the trenches move faster than the present ones, especially for Japan where the fast motion 

of the Pacific plate affects the entire area. This lead to the dislocation of the subducting slab far from 
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the current subduction zone trenches (e.g., models in Figures 4.20, 4.31 and 4.34, lower panels). Some 

numerical models, e.g., Figures 4.24 (upper panel) and 4.27 (lower panel), show just a lithospheric 

thickening in correspondence of one or both the reference subduction zones, i.e., South America and 

/or Japan. Some models, e.g., Figures 4.41 and 4.48 (both lower panels), show delaminated zones in 

correspondence of the Pacific area. This is again due to the very fast velocity of the Pacific plate 

acting on a lithospheric material having the same lateral characteristics along the entire spherical shell 

domain and thus not opposing any resistance.  

The 3d spherical models helped somehow in solving the slabs localization issues in both deep and 

shallow hotspot reference frame. The use of the 3rd dimension allows to better constrain the surface 

plate motion and the relative mantle circulation, keeping the subduction area in the right geographical 

location. The model majol3d_1 (Figure 4.51) indeed preserves the asymmetric behaviour of the two 

reference subductions (i.e., shallow South American and deep Japanese subduction zones), whereas 

wide thickened areas indicate the correct geographical slab locations in model majol3d_2 (Figure 

4.54), although pointing to the already mentioned issues related to the surface kinematic-rheologic 

profile combination. 

Numerical models using relative reference frame, instead, partially solve issues related to the 

resistance opposed by the upper plate to the subducting one and their results can be overall compared 

to their respective images in the compilation of slab morphologies at the transition zone (i.e., the 670 

km discontinuity) by Goes et al. (2017), even though not reproducing properly their asymmetric 

behaviour. This further supports problems related to the resistance offered by the upper plate to the 

lower subducting plate and points to the need to distinguish between upper and lower plate by means 

of their thickness and/or their continental or oceanic nature in models using absolute reference frames 

as surface boundary conditions, especially in the faster westward-rotating shallow hotspot reference 

frame (Table 1).  

Viscosities of the lithosphere-mantle system in each numerical model plays an important role on its 

dynamics and velocity. In fact, for example, in models using the ASPECT’s Visco Plastic Material 

model (Figures 4.24 and 4.27) the viscosity of the mantle is too high whereas the viscosity of the 

lithosphere is too low leading to a slow or absent circulation within the mantle and to a thick 

accumulation of the lithosphere below subduction zones. The lithosphere viscosity is of primary 

importance because of its response to the applied surface velocity boundary conditions. The lower 

the lithosphere viscosity, the higher is the probability of having a wide area of thickened lithosphere 

(i.e., blob-like subduction, Crameri et al., 2012) instead of a well-defined subducting lithospheric 

slab. A second order importance of density has been observed. In each model, in fact, the density of 

the subducting lithosphere does not seem to play any determinant role in triggering its sinking within 
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the mantle. The density of the whole system increases at depth, with phase transformation processes, 

and it seems not to be responsible for the subduction initiation in these models, whereas it rather 

seems to contribute to the subduction prosecution during the model run. Plate motion with respect to 

each other and to the mantle seems instead to be a main feature influencing on the dynamics of 

subduction process.  

In these numerical models it is important to notice that the current global tectonic setting of plates, 

i.e., at step 0, is the final result of a past evolution. This can undoubtedly be related with nature. Plate 

tectonics and all its features (e.g., subductions, ridges, etc.), as they look now, are just the last steps 

of a very long-term evolution that brought to several cycles (at least three, Nance & Murphy, 2013 

and references therein) of closure and opening of paleo-oceans and supercontinents breakups.  

Most of the numerical models resulted from this Chapter analysis show a fast evolution of subduction 

zones, especially in the Pacific area, which throughout the entire model run form under the 

Marianas/Japan area and are shifted westward, under Indonesia where the slabs can eventually be 

swallowed within the mantle (e.g., Figures 4.34, 4.41 and 4.48, lower panels).  

Basically, the lithospheric material coming from the east repeatedly starts to subduct and then 

migrates westward both in the South American (Appendix B, Figures B.1-B.60) and in the Pacific 

cases (Appendix B, Figures B.1-B.60), albeit with different velocities. If comparing these results with 

recent tomographic models (Figures 4.64 and 4.65; Moulik & Ekstrom, 2014) across South America 

and the Pacific area, along the tectonic equator, some common features can be observed. Although a 

defined slab cannot be identified (Figure 4.64), in the South American area the more rigid material is 

located eastward with respect to the Nazca plate, below the South American continent and the Atlantic 

Ocean, the position of the trench is consistent with one of our model (basic4, Figure 4.20) taken as 

reference and plotted in dashed line, even though subduction direction is opposite with respect to the 

natural observed (Figure 4.64). 
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In the Pacific area, the rigid material is mostly located below the Indo-Australian plate (Figure 4.65). 

This is however consistent with the faster rotation of the lithosphere predicted by the shallow hotspot 

reference frame (Table 4.1) which leads to the possible accumulation of rigid (lithospheric?) material 

in those areas (Figures 4.64 and 4.65), as also shown by absolute tomographic models (e.g., Panza et 

al., 2010).  

In models described in this Chapter, mantle circulation is comparable with literature, e.g., Heister et 

al. (2017), Monnereau and Quéré (2001) and Yoshida (2014), in which there is a top-down motion 

of mantle material in correspondence of subducting slabs and a rise of it upward, towards spreading 

ridges. This can be seen quite well in models in a deep hotspot framework, such as model isehar1 

(Figure 4.31), model majol1 (Figure 4.38), model majfo89_1 (Figure 4.45), in which a deep 

circulation involving the shallow parts of the lower mantle moves from the South American slab to 

Figure 4.64 – Mantle tomography of the South American area. Here, although a subducting slab cannot be observed, the mantle 
tomography of the South American area shows that the rigid material is mostly located eastward with respect to the Nazca plate, below 
the South American plate and the Atlantic Ocean. In dashed line slab of model basic4 (Figure 20, upper panel) is consistently 
comparable with the position of the rigid material. Vertical exaggeration 4x. 
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the East Pacific Rise. In models in a shallow hotspot framework, this motion is less evident due to 

the higher velocities and the opposite direction of the subducting slab with respect to nature (e.g., 

isehar2 Figure 4.34. and majfo89_2 Figure 4.48). Furthermore, it has to be noticed that velocities in 

our models are referred to the bottom of the spherical domain, i.e., 2900 km, thus surface velocity 

boundary conditions should be rescaled with respect to the 670 km discontinuity to clearly evaluate 

any upper mantle circulation. 

 

 

However, although our numerical models are not sufficiently constrained to analyze subduction zone 

dynamics and its relation with mantle convection in a shallow hotspot reference frame, i.e., using a 

global “westward” drift of the lithosphere, they underline the importance of including this feature in 

numerical models, giving directions for possible successful rheological profiles to use in future 

experiments. These are: i) the ASPECT’s Simple Material model. In fact, model basic4 (Figure 4.20) 

presents slab localization issues that could probably be solved including thickness and nature of the 

Figure 4.65 – Mantle tomography of the Pacific area. Here, although a subducting slab cannot be observed, the mantle tomography 
of the Pacific area shows that the rigid material (in blue) is mostly located below the Indo-Australian plates. In dashed line slab of 
model basic4 (Figure 4.20, lower panel) is comparable with location of the rigid material in this area. Vertical exaggeration 4x. 
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lithosphere. In fact, these two features could change the resistance offered by the upper to the lower 

plate, together with the density and viscosity contrast between the upper and the lower plate, 

enhancing or inhibiting subduction of the oceanic plate; ii) the majorite-Fo50 and iii) the majorite-

Fo89 rheological profiles. In these latter, the more successful models majol1 and majfo89_1, with 

their good rheologic approximation and the geographical localization, seem to give advances to solve 

issues in majol2 and majfo89_2 with the introduction of both thickness and nature of the lithosphere. 

In fact, both models majol1 and majfo89_1 show correct subduction direction for the South American 

slab and well defined lithospheric slab reaching or slightly passing the 670 km discontinuity. 

 

4.9 Final remarks  
 

This Chapter aimed an analysis of the relationship between plate tectonics, i.e., the global westward 

drift of the lithosphere, and mantle convection using numerical modeling in 2d and 3d spherical 

geometry. Testing plate motions in different hotspot reference frames contributed to constrain 

numerical models. In this reference system all plates move towards the west along the tectonic equator 

although having different velocities. Starting from literature (e.g., Bangerth et al., 2018; Glerum et 

al., 2018; Heister et al., 2017; Kronbichler et al., 2012), one of the latest and advanced numerical 

code was used. ASPECT, in fact, is a code built on modern numerical methods, extensible and 

versatile that can reproduce a wide variety of Earth’s processes, from a local to a global scale. 

Furthermore, ASPECT allows to test different compositions and rheologies for the Earth’s lithosphere 

and mantle by means of different already provided Material models that can be modified by the user, 

but the user itself can create its own customized Material models. The main challenge of this study 

was to find the perfect equilibrium between composition, i.e., viscosity, density, and surface 

kinematics that could accurately reproduce the dynamics between plate tectonics processes and 

mantle convection. Starting from simple models using the ASPECT’s Simple Material model to the 

more complicated and customized ASCII Reference Profile Material models, different rheologies 

were tested. These models were realized using both absolute reference frames, i.e., deep (using 

rotation data collected by Seton et al., 2012) and shallow (as reported in Table 4.1) hotspots, and 

relative reference frames, i.e., using fixed South America and Marianas plates, and the 2d slice 

throughout which the spherical model was cut corresponds to the tectonic equator, i.e., the great circle 

representing the mainstream of plates towards the W (Doglioni & Panza, 2015, and references 

therein). 

In conclusion, results of these experiments showed a primary importance of the surface kinematics 

and of the used rheology, together with the strong influence of the lithosphere thickness and nature 
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(i.e., continental or oceanic) when analyzing subduction zones dynamics using numerical models 

realized in a spherical shell domain. Models showed here, in fact, present laterally the same 

rheological and compositional characteristics throughout the entire spherical domain, rather changing 

at depth. This has a heavy influence on plate tectonics features, i.e., rift and subduction zones, being 

these first of all a consequence of lateral movements of lithospheric plates. Furthermore, the results 

obtained in this Chapter helped to select some rheological profiles (Simple Material Model, majorite-

Fo50 and majorite-Fo89) that could be considered as a starting point for future research in the field 

of the interactions between the “westward” drift of the lithosphere and mantle convection. 
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Conclusions and future directions 
 
The work presented in this dissertation aimed to present numerical models which suggest constraints 

on subduction zone dynamics. The main starting point for this research was the needs of numerical 

models which consider i) the horizontal mantle flow which interacts with tectonic plates; ii) the 

subduction hinge motion, that allows the correct estimation of the effective velocity with which 

subducting plates enter the mantle; iii) the LVZ decoupling layer between the lithosphere and the 

mantle, which allows their relative motion; iv) the global “westward” drift of the lithosphere. 

To do this, the first step was a 2d numerical analysis using a rectangular box geometry in which the 

influence of an eastward mantle flow was tested also including a LVZ with a constant viscosity and 

in the fixed upper plate framework. These models results fit the observable asymmetric behaviour of 

subducting slabs and their hinge. W-directed slabs are pushed backwards by the eastward mantle flow 

together with their subduction hinge that moves away from the upper plate. These slabs show steep 

dip angles, high depths reached and backarc basins opening, i.e., extensional stresses within the upper 

plate (e.g., subduction zones on the western side of the Pacific Ocean). E-directed slabs, on the 

contrary, are sustained by the eastward mantle flow and have their hinge moving towards the upper 

plate. They show low dip angles, shallow depths and strong compressional stresses within the upper 

plates, which lead to the building of the worldwide highest mountain ranges (e.g., subduction zones 

on the eastern side of the Pacific Ocean).  

This well-constrained scenario opened the possibility for future tests in which this same eastward 

mantle flow interacts with slabs having opposite geographic polarity attached to lithospheric plates 

that are laterally free to move. This would allow the observation of the interactions between the slab, 

the subduction hinge, the subduction trench and the state of stress within the upper plate.  

To constrain the volume of lithosphere currently entering within the mantle at subduction zones and, 

consequently, the amount of mantle material that should be displaced to preserve the mass balancing 

criterion, the volume of lithosphere currently subducting at subduction zones worldwide has been 

computed. This computation was made distinguishing subduction zones on the basis of the different 

kinematics of their subduction hinge with respect to the fixed upper plate (i.e., the hinge H can either 

move away from the upper plate or towards it). Results highlighted a difference in volumes of 

subducted lithosphere, i.e., ~190 km3/yr vs ~91 km3/yr, and in the subduction rate between the 

considered end-members subductions, suggesting an asymmetric dynamics at subduction zones. A 

further 2d numerical modeling analysis in a rectangular box-shaped domain has been made, using the 

subduction rate in place of the convergence rate as boundary condition. This supported and enforced 

the obtained asymmetric behaviour. It has also been noted that most of the subduction zones with an 
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H-divergent behaviour is characterized by a mainly W-directed slab and extensional stresses within 

the upper plate whereas subduction zones with a H-convergent behaviour are mostly characterized 

by a mainly E-to-NE-directed slab and strong compressional stresses within the upper plate.  

In the last part of this PhD project the passage to 2d numerical experiments using a spherical domain 

was a further advance. Surface plate kinematics in a shallow hotspot reference frame is the kinematic 

constraint of the geodynamic model taken as a reference in this dissertation. In this reference frame 

all the plates follow a “westward” direction along the tectonic equator, albeit having different 

velocity. This difference in plates velocities is related to difference in the asthenosphere viscosity 

and, thus, in the degree of coupling between the lithosphere and the asthenospheric mantle. The higher 

the viscosity of the asthenosphere the lower the velocity of the correspondent plate and vice-versa. 

This kinematic setting was included in numerical models as surface boundary condition with the 

attempt of reproducing the asymmetric features of plate tectonics evidenced by geological 

observations and geophysical signatures. Using the finite elements ASPECT code for mantle 

convection, we first started testing simple pre-setted rheological profiles, arriving to more 

complicated and customized rheological profiles at the end of our analysis. This analysis showed the 

importance of i) the reference frame in which plate motions are computed, ii) the used rheological 

profile and the introduction of lateral heterogeneities in the models and iii) the lateral variation in 

thickness and type of lithosphere (i.e., continental or oceanic). Furthermore, iv) a 3d spherical domain 

helped in solving problems related to localization of subduction zones, whereas v) models with 

velocities relative to fixed South America and Marianas plates suggested the important role of the 

upper plate at subduction zones. In fact, the fixed upper plate offered more resistance to the lower 

subducting plate, allowing a better slab dynamics. The same resistance could be offered by a thicker 

continental upper plate with respect to a thinner oceanic subducting plate. Thus, it is fundamental to 

include lateral variation in lithosphere thickness and nature, that represent indeed a consistent starting 

point for future research work aiming to reproduce interactions between the “westward” drift of the 

lithosphere and mantle convection. 
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Appendix A 
 
In this Appendix A data and additional models related to the work presented in Chapter 2 are shown. 
First will be shown a summary table with main parameters and results of models presented in Chapter 
2 (Figure 2.4). 
 

 
 
  

Table A.1 – Conditions and results of 2D numerical models showed in Chapter 2 and in this Appendix A. Slabs dip in the range 
of 40°-90° were found for W-directed slabs, while the dip found for E- or SE-directed slabs was within the range of 15°-40°. In bold 
the reference models commented in Chapter 2. 



 

 196 

 

 

 

Figure A.1 – Westward-like subduction model with LVZ and horizontal 
eastward mantle wind. This model has an older age of the oceanic subducting plate 
and a lower velocity of the mantle wind, with respect to the model in Figure 2.4a in 
Chapter 2 (Table A.1, model 7 and a, in bold, respectively). In this case the dip angle 
of the slab is steep (~45°), but not as much as the one of model in Figure 2.4a in 
Chapter 2, although its older age.  This leads to the conclusion that the age of the slab 
has a minor role in affecting subduction dynamics, with respect to the role of the 
velocity of the horizontal mantle wind. In fact, model 7 here, has a lower dip angle 
due to the lower velocity of the mantle flow pushing the slab downward. A backarc 
basin is opening (as in all westward-like models cases). 
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Figure A.2 – Eastward-like subduction model with LVZ and horizontal eastward 
mantle wind. The slab has a low dip angle (Table A.1, model 13) and at some point 
(at around 19.5 Myr) collision occurs and, therefore, there is not backarc spreading in 
the upper plate. In this case, the dip angle is higher than in the “eastward-like” model  
in Chapter 2 (Table A.1, model b, in bold), probably due to the double effect between 
a high thermal expansion value and a high activation volume value. Despite this, we 
have the same sustaining effect of the mantle acting on the subducting slab that model 
with the eastward-directed subduction shows in Chapter 2 (Figure 2.4b).  
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Figure A.3 – Westward-like subduction model without LVZ, with the horizontal 
eastward mantle flow. Here the mantle flux is considered as negative (i.e., with an 
opposite direction with respect to the subduction direction): the dip of the slab has a 
steep angle (Table A.1, model Ref. 1), and there is a backarc opening on the upper 
plate, like in the other westward-like subduction models (Table A.1). Subduction in 
this case is very fast. 
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Figure A.4 - Eastward-like subduction model without LVZ, with the 
horizontal eastward mantle flow. Here (Table A.1, model Ref. 2) mantle flux 
is considered as positive (i.e., with the same direction of the subducting slab): 
the oceanic subducting slab is sustained by the mantle flow, but the absence of 
the decoupling level between the lithosphere and the mantle causes a strong 
coupling between the upper and the lower plate. In fact, the slab (that has a dip 
angle of ~17.5°) is right under the upper plate during the whole subduction 
process. 
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Figure A.5 - Subduction model with LVZ, but without the horizontal 
eastward mantle flow. For model without mantle wind (Table A.1, model Ref. 
3), the age of the subducted lithosphere that facilitate subduction is much more 
higher (150 Myr) than the one used in models with mantle wind. Substantially, 
slabs undergo subduction for older age values of the oceanic plate. All the slabs 
presented in Chapter 2 and Appendix A, instead, could subduct with younger 
ages (and this is actually what can be observed in nature). For this model the 
slab dip angle is about 67° (an almost intermediate value). 
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Figure A.6 - Subduction model without LVZ and without the horizontal 
eastward mantle flow. Also in case of model without mantle flow and without 
LVZ (Table A.1, model Ref. 4), the age of the subducted lithosphere required 
for the sinking of the slab is higher (150 Myr) than the one used for the other 
models (Table A.1). In this reference model the dip angle of the subducting slab 
has an intermediate value (~52.18°) between the E-directed models and the W-
directed ones (Table A.1). 
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Appendix B 
 

In this Appendix B will be shown velocities and temperature for intermediate steps, i.e., between 140 

and 0 Myr, of numerical model results already shown in Chapter 4. Furthermore, models majfo89_sa 

and ma will be described. First models in 2d and in absolute reference frames will be shown, then 

models in 2d and relative reference frames, lastly models in 3d and absolute reference frames. 

 

B.1 2d results in absolute reference frames 
B.1.1 basic1 (Simple Material model) 
 

 

 
Figure B.1 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic1. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model basic1. Globes in the right part of the 
figure shows plate kinematics at 30 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 
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Figure B.2 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic1. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model basic1. Globes in the right part of the 
figure show plate kinematics at 60 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.3 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic1. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model basic1. Globes in the right part of the 
figure shows plate kinematic at 90 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 



 

 205 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.4 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model basic1. Globes in the 
right part of the figure shows plate kinematic at 110 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 
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B.1.2 basic2 (Simple Material model) 

 

 

Figure B.5 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model basic2. Globes in the right part of the 
figure shows plate kinematic at 30 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.6 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model basic2. Globes in the right part of the 
figure shows plate kinematic at 60 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 
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Figure B.7 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model basic2. Globes in the right part of the 
figure shows plate kinematic at 90 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.8 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model basic1. Globes in the 
right part of the figure shows plate kinematic at 110 Myr in a shallow hotspot reference frame. The black line corresponds to the 
tectonic equator. 
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B.1.3 basic3 (Simple Material model) 

 

 

 

 

Figure B.9 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic3. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model basic3. Globes in the right part of the 
figure shows plate kinematic at 30 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.10 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic3. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model basic3. Globes in the right part of the 
figure shows plate kinematic at 60 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 



 

 209 

 

 

 

 

 

 

Figure B.11– Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic3. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model basic3. Globes in the right part of the 
figure shows plate kinematic at 90 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.12 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic3. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model basic3. Globes in the 
right part of the figure shows plate kinematic at 110 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 
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B.1.4 basic4 (Simple Material model) 

 

 

 

 

 

Figure B.13 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic4. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model basic4. Globes in the right part of the 
figure shows plate kinematic at 30 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.14 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic4. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model basic4. Globes in the right part of the 
figure shows plate kinematic at 60 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 
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Figure B.15 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic4. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model basic4. Globes in the right part of the 
figure shows plate kinematic at 90 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.16 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic4. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model basic4. Globes in the 
right part of the figure shows plate kinematic at 110 Myr in a shallow hotspot reference frame. The black line corresponds to the 
tectonic equator. 
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B.1.5 vp1 (Visco plastic Material model) 

 

 

 

 

 

Figure B.17 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp1. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model vp1. Globes in the right part of the 
figure shows plate kinematic at 30 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.18 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp1. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model vp1. Globes in the right part of the 
figure shows plate kinematic at 60 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 
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Figure B.19 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp1. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model vp1. Globes in the right part of the 
figure shows plate kinematic at 90 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.20 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp1. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model vp1. Globes in the right part of the 
figure shows plate kinematic at 110 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 
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B.1.6 vp2 (Visco plastic Material model) 

 

 

 

 

Figure B.21 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model vp1. Globes in the right part of the 
figure shows plate kinematic at 30 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.22 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model vp2. Globes in the right part of the 
figure shows plate kinematic at 60 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 
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Figure B.23 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model vp2. Globes in the right part of the 
figure shows plate kinematic at 90 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.24 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model vp2. Globes in the right part of the 
figure shows plate kinematic at 110 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 
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B.1.7 isehar1 (Isentropic Harzburgitic mantle) 

 

 

 

 

Figure B.25 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model isehar1. Globes in the 
right part of the figure shows plate kinematic at 30 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.26 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model isehar1. Globes in the 
right part of the figure shows plate kinematic at 60 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 



 

 217 

 

 

 

 

 

 

 

Figure B.27 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model isehar1. Globes in the 
right part of the figure shows plate kinematic at 90 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.28 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model isehar1. Globes in the 
right part of the figure shows plate kinematic at 110 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 



 

 218 

B.1.8 isehar2 (Isentropic Harzburgitic mantle) 

 

 

 

 

 

Figure B.29 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model isehar2. Globes in the 
right part of the figure shows plate kinematic at 30 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.30 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model isehar2. Globes in the 
right part of the figure shows plate kinematic at 60 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic 
equator. 
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Figure B.31 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model isehar2. Globes in the 
right part of the figure shows plate kinematics at 90 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.32 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model isehar2. Globes in the 
right part of the figure shows plate kinematics at 110 Myr in a shallow hotspot reference frame. The black line corresponds to the 
tectonic equator. 
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B.1.9 majol1 (Majorite-Fo50) 

 

 

 

 

 Figure B.33 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model majol1. Globes in the 
right part of the figure shows plate kinematics at 30 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.34 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol1. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model majol1. Globes in the right part of the 
figure shows plate kinematics at 60 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 
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Figure B.35 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol1. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model majol1. Globes in the right part of the 
figure shows plate kinematics at 90 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.36 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model majol1. Globes in the 
right part of the figure shows plate kinematics at 110 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 
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B.1.10 majol2 (Majorite-Fo50) 

 

 

 

 

 

Figure B.37 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model majol2. Globes in the right part of the 
figure shows plate kinematics at 30 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.38 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model majol2. Globes in the right part of the 
figure shows plate kinematics at 60 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 
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Figure B.39 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model majol2. Globes in the right part of the 
figure shows plate kinematics at 90 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 

Figure B.40 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol2. Temperature 
(black shadow) and velocity (colored data plus arrows) data are overlapped for step 9of model majol2. Globes in the right part of the 
figure shows plate kinematics at 90 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic equator. 
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B.1.11 majfo89_1 (Majorite-Fo89) 

 

 

 

 

Figure B.41 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model majfo89_1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model majfo89_1. Globes in the 
right part of the figure shows plate kinematics at 30 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.42 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model majfo89_1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model majfo89_1. Globes in the 
right part of the figure shows plate kinematics at 60 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 
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Figure B.43 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majfo89_1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model majfo89_1. Globes in the 
right part of the figure shows plate kinematics at 90 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.44 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model majfo89_1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model majfo89_1. Globes in 
the right part of the figure shows plate kinematics at 110 Myr in a deep hotspot reference frame. The black line corresponds to the 
tectonic equator. 
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B.1.12 majfo89_2 (Majorite-Fo89) 

 

 

 

 

Figure B.45 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model majfo89_2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model majfo89_2. Globes in the 
right part of the figure shows plate kinematics at 30 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.46– Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model majfo89_2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model majfo89_2. Globes in the 
right part of the figure shows plate kinematics at 60 Myr in a shallow hotspot reference frame. The black line corresponds to the 
tectonic equator. 
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Figure B.47 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majfo89_2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model majfo89_2. Globes in the 
right part of the figure shows plate kinematics at 90 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.48 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model majfo89_2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model majfo89_2. Globes in 
the right part of the figure shows plate kinematics at 110 Myr in a shallow hotspot reference frame. The black line corresponds to the 
tectonic equator. 
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B.2 2d results in relative reference frames 

 
 

 

 

Figure B.49 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) model majol_sa and majol_ma. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of models majol_sa and majol_ma. 
Globes in the right part of the figure shows plate kinematics at 30 Myr in reference frames relative to South America (upper panel) and 
Marianas (lower panel) plates fixed. The black line corresponds to the modified tectonic equator with the rotation pole at longitude 
100°E, latitude 65°S. 

Figure B.50 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) model majol_sa and 
majol_ma. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of models majol_sa 
and majol_ma. Globes in the right part of the figure shows plate kinematics at 60 Myr in reference frames relative to South America 
(upper panel) and Marianas (lower panel) plates fixed. The black line corresponds to the modified tectonic equator with the rotation 
pole at longitude 100°E, latitude 65°S. 



 

 229 

 

 

  

Figure B.51 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) model majol_sa and majol_ma. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of models majol_sa and majol_ma. 
Globes in the right part of the figure shows plate kinematics at 90 Myr in reference frames relative to South America (upper panel) and 
Marianas (lower panel) plates fixed. The black line corresponds to the modified tectonic equator with the rotation pole at longitude 
100°E, latitude 65°S. 

Figure B.52 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) model majol_sa and 
majol_ma. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of models majol_sa 
and majol_ma. Globes in the right part of the figure shows plate kinematics at 110 Myr in reference frames relative to South America 
(upper panel) and Marianas (lower panel) plates fixed. The black line corresponds to the modified tectonic equator with the rotation 
pole at longitude 100°E, latitude 65°S. 
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Figure B.53 – Step 7 (i.e., 70 Myr) for South American (upper panel) and Pacific (lower panel) model majfo89_sa and 
majfo89_ma. Temperature (colored) and velocity (arrows) data are overlapped for step 7 of models majol_sa and majol_ma. Globes 
in the right part of the figure shows plate kinematics at 70 Myr in reference frames relative to South America (upper panel) and 
Marianas (lower panel) plates fixed. The black line corresponds to the modified tectonic equator with the rotation pole at longitude 
100°E, latitude 65°S. 
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B.3 3d results in absolute relative frames 

B.3.1 majol3d_1 (Majorite-Fo50) 

 

 

 

 

Figure B.54 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model majol3d_1. Globes in the 
right part of the figure shows plate kinematics at 30 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.55 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model majol3d_1. Globes in the 
right part of the figure shows plate kinematics at 60 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 
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Figure B.56 – Step 3 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model majol3d_1. Globes in the 
right part of the figure shows plate kinematics at 90 Myr in a deep hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.57 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model majol3d_1. Globes in 
the right part of the figure shows plate kinematics at 110 Myr in a deep hotspot reference frame. The black line corresponds to the 
tectonic equator. 
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B.3.2 majol3d_2 (Majorite-Fo50) 

 

 

 

 

 

Figure B.58 – Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of model majol3d_2. Globes in the 
right part of the figure shows plate kinematics at 30 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.59 – Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of model majol3d_2. Globes in the 
right part of the figure shows plate kinematics at 60 Myr in a shallow hotspot reference frame. The black line corresponds to the 
tectonic equator. 
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Figure B.60 – Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of model majol3d_2. Globes in the 
right part of the figure shows plate kinematics at 90 Myr in a shallow hotspot reference frame. The black line corresponds to the tectonic 
equator. 

Figure B.61 – Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of model majol3d_2. Globes in 
the right part of the figure shows plate kinematics at 110 Myr in a shallow hotspot reference frame. The black line corresponds to the 
tectonic equator. 
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respect to the plate to the east, whereas convergence occurs when the plate to the east moves westward 
faster with respect to the plate to the west. When the plate in the middle is subducted, the tectonic regime 
switches to extension, because the car to the west moves faster, e.g., the Basin and Range (from Cuffaro 
& Doglioni, 2007)......................................................................................................................................22 

 
1.7 Current velocities with respect to the deep hotspot reference frame. Open circles are the rotation poles. 

Data from HS3-NUVEL1A (Gripp & Gordon, 2002). In this reference frame plates move westward but 
there still are few plates, i.e., Nazca, Cocos and Juan de Fuca, moving eastward with respect to the mantle 
and in which rotation poles al largely scattered (from Cuffaro & Doglioni, 2007)....................................24 

 
1.8 Present-day plate motions with respect to the Pacific shallow hotspot reference frame. This was computed 

incorporating the NUVEL1A current plate motion model (DeMets et al., 1994) and assuming hotspots 
source (H) at different depths, shallower going from (a) to (b). Note that in (a) plates move generally 
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toward the west except for the Nazca plate that moves slowly toward the East. In (b) and (c) plates move 
with faster velocities and they are strongly W-directed. Open circles are the Euler poles for plates that in 
(c) are located close to the net rotation pole, suggesting a global and polarized westward drift of the 
lithosphere. In red are tectonic plate boundaries. From Doglioni et al., 
2015...........................................................................................................................................................25 

 
1.9 Subduction zones asymmetries. W-directed subduction zones are steeper and deeper with respect to E-to-

NE directed ones. The décollement layer (dashed red line) is deformed and subducted for W-directed 
subductions, whereas is shallower for E-to-NE-directed ones, allowing the involvement of rocks coming 
from higher depths in the orogen building. Modified after Doglioni et al., 1999........................................27 

 
1.10 Kinematic model. The kinematics of H-divergent and H-convergent subduction zones is shown. In a 

reference frame where the upper plate 𝑈 is taken as fixed, the hinge 𝐻 can either move towards or away 
with respect to 𝑈. This kinematics occurs for each subduction zone and is essential for the computation 
of 𝑉% using the formula 𝑉%=	𝑉)-𝑉+. The kinematics of H-divergent (blue) and H-convergent (red) 
subduction zones is shown. In the first case (upper panel) the subduction rate is increased by the positive 
motion of the subduction hinge towards the lower plate. In the second case (lower panel), the subduction 
rate is lowered by the negative motion of the subduction hinge that moves towards the upper plate. 𝑉) is 
the subduction hinge velocity, 𝑉+ is the lower plate velocity, 𝑉- is the upper plate velocity, 𝑉% is the 
subduction rate...........................................................................................................................................29 

 
1.11 Temperature distribution within the mantle. a) internally heated reference case,  with non-adiabatic 

temperatures and isoviscous. Blue is cold and red is hot. The authors removed the top 100 km of the 
mantle. b) Same as (a) with increased lower mantle viscosity. c/d) same as (a/b) with the addition of 50% 
core heating. (e)-(h) Corresponding non-adiabatic geotherms. (From Bunge et al., 2001)......................32 

 
1.12 Studies on phase transitions. In (Tackley, 1993) a and b are the final frame of the simulation including 

phase change, whereas models in c and d are case with no phase change (from Tackley et al., 1993)...33 
 
1.13 Models about mantle composition. In this figure equatorial cross-sections and Mollweide projections at 

different time are shown. In cross-sections, the low viscosity asthenosphere is in dark-blue patches. In the 
Mollweide projections, black arrows denote surface velocities. Cratons are contoured by black lines (from 
Rolf et al., 2017)........................................................................................................................................33 

 
1.14 Predicted evolution of the mantle for two regimes of mixing. Models a–f show efficient mixing and 

persistence of large-scale heterogeneity, respectively (model time as annotated). b, c, f are snapshots of 
composition with isotherms. The authors observed two regimes in their numerical experiments: 1) in 
which materials are readily mixed and the mantle becomes largely homogenized over timescales shorter 
than the age of the Earth; 2) in which intrinsically strong SiO2-enriched material can avoid significant 
entrainment and mixing for model times greater than the age of the Earth (from Ballmer et al., 2017)....34 

 
1.15 Subduction zones in numerical models. Panel 1: Evolution of subduction subducting slab showing second 

invariant of the strain rate during (a) slab–tip interaction with the lower mantle, (b) recumbent fold slab 
geometry denoting the switch from advancing to retreating trench motion with backwards-draping slab 
(modified after Stegman et al., 2010). Panel 2: Three-dimensional single-sided subduction in a spherical 
geometry in 3-D spherical mantle convection. Temperature (a-c) and viscosity isosurfaces (d-f) are plotted 
(modified after Crameri et al., 2012). Panel 3: Viscosity, strain rates and velocity distribution subduction 
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zones having fixed upper plate (A,D), free upper plate (B,E) and fixed subducting plate (C,F). The white 
area in A and C is where the imposed velocity is zero (modified after Capitanio et al., 2010)..................35 

 
1.16 Tomography of the bottom of the upper mantle. Maps of shear velocity heterogeneity according to model 

S20RTS at 600 km depth. In regions colored red (blue) the shear velocity is lower (higher) than the 
average shear velocity at that depth. Triangles represents hotspots location catalogue by Sleep (1990). 
Approximate positions of plate boundaries are shown with white lines. (modified after Ritsema, 
2005)..........................................................................................................................................................36 

 
1.17 Tomography of the bottom of the upper mantle. Cross-sections through the tomographic model at 585 

km depth. Approximate plate boundaries are the green lines. The reference shear-wave velocity value is 
5.34 km/s (modified after Lebedev & van der Hilst, 2008) ).....................................................................36 

 
1.18 Models investigating some subduction typical features. Results of numerical experiments showing typical 

dynamics of self-sustaining one-sided subduction development. Solid triangle shows trench position 
(from Gerya et al., 2008)............................................................................................................................37 

 
1.19 Plate tectonics-mantle interactions. Temperature field snapshots for cases with bottom or internal heating 

and uniform or layered viscosity. Temperatures run from hot (red) to cold (blue) expressed in Kelvin. The 
inner and outer spherical boundaries correspond to the core–mantle boundary (CMB) and 90 km depth, 
respectively. Cases lA–4A correspond to convection calculations without continents. Models lB–4B show 
cases with a supercontinent covering 30% of the surface (gray cap) (from Phillips & Bunge, 2005).......38 

 
1.20 Mantle convection driven from the top (after Doglioni & Anderson, 2015). Counterclockwise convection 

leads to lateral variations in the mantle potential temperature. The host mantle along subduction zones is 
cooler than elsewhere. The thermal buffer exerted by the cold lithosphere, the radiogenic decay and the 
shear heating in the LVZ point to a superadiabatic upper asthenosphere and a subadiabatic lower upper 
mantle. In this model, mantle convection is polarized by the “westward” drift of the lithosphere and the 
relative “easterly” directed compensating mantle, balancing slab loss along W-directed subduction zones. 
The intrinsically buoyant harzburgite component of slabs contributes to the upward return flow...........39 

 
1.21 Models testing the influence of a horizontal mantle flow. In these models the overriding plate is 60 Ma 

and the subducting plate is 50 Ma. Here different mantle flow velocities were tested: (a) imposed 
horizontal upper mantle flow (IHMF) opposite to subduction direction, (b) without IHMF; (c) IHMF in 
the same direction as subduction (modified after Rodríguez-González et al., 2014).................................40 

 
2.1 Slab dip of the main subduction zones of the world measured parallel to the convergence direction among 

upper and lower plates. Subduction directions appear concentrated into two main trends, i.e., W-ward and 
E-ward or N-NE-ward. W-directed subduction zones are steeper than E- or NE-ward directed subduction 
zones. Modified after Riguzzi et al., (2010) and Sottili et al. 
(2015)........................................................................................................................................................42 

 
2.2 Model setup. The top panel shows the initial composition of the entire domain (see the bottom panel for 

correspondence with materials). The black arrow within the lithosphere shows the convergence direction 
of the lower subducting plate. Plate convergence rate of 5 cm yr-1 is applied at 1000 km for 6 Myr to 
initialize the subduction process. The dashed line points to the 670 km discontinuity. The middle panel 
shows the initial temperature of the domain. In the bottom panel isotherms are the white lines. The light 
blue line in the lower panel (between the oceanic, lower plate and the upper continental right plate) is the 
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weak zone. Color code for different materials is shown at the bottom of the 
figure.........................................................................................................................................................48 

 
2.3 The black arrow within the lithosphere shows the convergence direction of the lower subducting plate. 

Plate convergence rate of 5 cm yr-1 is applied at 1000 km for 6 Myr to initialize the subduction process. 
In grey the lithosphere, in orange the LVZ, the dashed line is the 670 km discontinuity. Free slip boundary 
conditions are applied to the top and bottom of the numerical domain, whereas periodic boundary 
conditions are applied to the right and left side of 
it.................................................................................................................................................................50 

 
2.4 Results. Panel (a) shows a W-directed slab. All numerical models present pre-defined rightward subduction 

polarity; therefore this model was mirrored for better comparison with nature. In panel (b) a slab along E 
or NE-subduction zone is designed. In each model a horizontal mantle flow is imposed, having concordant 
or opposite direction with respect to the subduction polarity. The difference in dip of the slab is striking: 
the “westerly” dipping slab is steeper and deeper, whereas “easterly or northeasterly” dipping slab is 
shallower and less steep. The difference is also remarkable comparing backarc spreading or not: in fact 
this latter only occurs in “westwardly” directed slab model (a). See Figure 2.2 for the color 
legend........................................................................................................................................................52 

 
2.5 This picture shows our two models (in green), compared with a compilation of the slab dip measured along 

cross-sections perpendicular to the trench of most subduction zones. Each line represents the mean trace 
of the seismicity along every subduction. Some E- or NE-subduction zones present a deeper scattered 
cluster of hypocentres between 550–670 km. Dominant down-dip compression occurs in the W-directed 
intraslab seismicity, whereas down-dip extension prevails along the opposed E- or NE-directed slabs. The 
W-directed slabs are, on average, dipping 65.6°, whereas the average dip of the E- or NE-directed slabs, 
to the right, is 27.1° (modified after Riguzzi et al., 2010). In our models the dip of the slab fits within this 
average by assuming intensity of the horizontal mantle flow of 3 cm/yr. In this figure the differences in 
topography and state of stress between the upper plates of both models can be seen................................54 

 
3.1 Analyzed subduction zones. In red are H-convergent subduction zones, whereas in blue are H-divergent 

ones. Subductions marked by gray lines are the two outliers of our dataset such as the Philippines and 
Northern-Japan subduction zones. Empty circles are the point where plate velocities were computed at 
each subduction zone. Black arrows show the average direction of the lower plates. Orange arrows show 
the direction of the subduction hinge. Velocities are computed relative to the upper plate, taken as 
fixed...........................................................................................................................................................59 

 
3.2 Lithospheric volumes (LV, blue histogram) vs. Subduction length (l, red dots). Total length for H-

convergent ~32443 km – Total length for H-divergent subductions ~23768 km. Average l in dashed line 
is ~2000 km for H-convergent and 1800 for H-divergent subduction zones. A clear relation between role 
of length l and differences of worldwide subducted lithosphere volumes cannot be detected..................71 

 
3.3 Lithospheric volumes (LV, blue histogram) vs. Lower plate velocity (VL, red histogram). Average VL in 

dashed line is 50 mm/yr for H-divergent and 52 mm/yr for H-convergent subduction zones. An evident 
correlation between the velocity VL and differences of worldwide subducted lithosphere volumes cannot 
be noticed).................................................................................................................................................72 

 
3.4 Lithospheric volumes (LV, blue histogram) vs. Subduction rate (VS, red histogram). Average VS in dashed 

line is 82 mm/yr for H-divergent and 27 mm/yr for H-convergent subduction zones. Being the first value 



 

 239 

almost four times higher than the second, this could affect difference in volumes of subducted lithosphere 
for H-divergent and H-convergent subduction zones................................................................................73 

 
3.5 Model setup. The experiments are performed in a 2000 x 700 km computational domain and they begin 

with two plates juxtaposed along a fault with a weak zone between upper and lower plates, having a 30° 
dip angle. Properties of the weak zone and all the quantities are reported in Tab. S8. Synthetic 
velocity	𝑉% = 3 cm/yr is assigned as boundary condition to the H-convergent subduction zones, whereas 
a synthetic 𝑉% = 8 cm/yr for the H-divergent ones is used. In grey the LVZ decollement 
layer...........................................................................................................................................................77  

 
3.6 Supporting numerical model results. This figure follows the same order of the Figure 3.5, where model 

setup is shown. Evolution of subducting plate is shown at 7 Myr. Models M1 (a, c) are models without 
LVZ and with subduction rate VS applied all along the lateral boundary of the domain. Models M2 (b, d) 
are models in which LVZ is integrated and the subduction rate VS is applied only to the lithosphere. 
Numbers are volumes LV, obtained by the product of the subducted area - the crossed lines - by length of 
1800 km for H-divergent and of 2000 km for H-convergent subductions. Results are about 7.8 km3/yr for 
H-convergent models and about 11.8 km3/yr for H-divergent ones, supporting our kinematics 
analysis......................................................................................................................................................79 

 
3.7 Subduction asymmetries and related global mantle flow. Topography and earthquakes hypocenters (Heuret 

& Lallemand, 2005) at subduction zones that point to their asymmetries, due to the kinematics of the 
subduction hinge and the geographical polarity. Here the asymmetry in volumes of subducted lithosphere 
is striking. Since ~214 km3/yr of lithosphere are currently subducting below subduction zones with mainly 
W-directed slabs (in blue) whereas only ~91 km3/yr are subducting below subduction zones with mainly 
E to NE-directed slabs (in red), we would expect that about 120 km3/yr of material moves from W to E 
within the mantle, consequently leading to a global “eastward” mantle 
flow............................................................................................................................................................82 

 
4.1 Example of the 2d (panel c) and 3d (panel d) mesh grid at the initial stage. The view is from the South Pole 

in panels c) and d). Panel (a) shows a view on the model slice from South America (in bold), whereas 
panel (b) shows the model slice from a Pacific point of view (Japan in bold). The models are initially 
defined on a regular grid, i.e. cells having the same height, width and depth (in 3d). In its calculations, 
ASPECT uses the Adaptive Mesh Refinement (AMR) method, which allows the local refinement and 
coarsening of the grid during the simulation..............................................................................................89 

 
4.2 External input file. This is an example of external input file in which global parameters are the first five 

rows, outside of the subsections.................................................................................................................90 
 
4.3 Plate kinematics in the deep hotspot reference frame. These pictures are plate motion evolution through 

the last 140 Myr from a South America point of view. Rotations collected by Seton et al. (2012). In black 
the numerical models plane, i.e., the tectonic equator................................................................................95 

 
4.4 Plate kinematics in the deep hotspot reference frame. These pictures are plate motion evolution through 

the last 140 Myr from a Pacific point of view. Data about angular vectors provided by Seton et al. (2012). 
In black the numerical models plane, i.e., the tectonic equator...................................................................96 

 
4.5 Plate kinematics in a the shallow hotspot reference frame. These pictures are plate motion evolution 

through the last 140 Myr from a South America point of view in a shallow hotspot reference frame (Table 
4.1). In black the numerical models plane, i.e., the tectonic equator.........................................................97 
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4.6 Plate kinematics in a shallow hotspot reference frame. These pictures are plate motion evolution through 

the last 140 Myr from a Pacific point of view, in a shallow hotspot reference frame (Table 4.1). In black 
the numerical models plane, i.e., the tectonic equator................................................................................98 

 
4.7 Plate kinematics in a relative reference frame. This picture represents plate motions in both South America 

and Pacific point of view, in a relative reference frame. Panel a represents velocities for plates in a South 
America reference frame, whereas panel b shows velocities in a Marianas reference frame. In black the 
numerical models plane, i.e. the tectonic equator, slightly modified to be orthogonal to both reference 
plates. The modified version of the tectonic equator has rotation pole coordinates of longitude 100°E and 
latitude 65°S..............................................................................................................................................99 

 
4.8 Determination of the chosen deepest lithosphere point for the depth and velocity data analysis. At each 

timestep, depth (dn) and velocity (vn) data were evaluated for the deepest point within the lithospheric 
slabs, pointed from red circles. In this picture Tn corresponds to the timesteps, dashed and plain lines 
represents 100 km, 410 and 670 km depths. Figure not in scale. 
n=14,…,0.................................................................................................................................................112 

 
4.9 Data description example. To characterize the current subduction dynamics, in this results section, only 

the depth and velocity evolution of the tectonic setting described at step 0, i.e. 0 Myr, is shown. Moreover, 
to allow a better comparison between the two end-members subduction zones, on the basis of their 
geographic polarity useful to test the westward drift of the lithosphere along the tectonic equator, data 
will be shown only for points in correspondence of South America and Japan-Marianas subduction zones. 
E.g., different slabs, in black, are spread all around the Indo-Pacific area , but only the magenta-colored 
data, that corresponds to the current Japanese lithosphere, will be shown in Figure 4.20. As can be seen 
from its miniature in the upper left part of the Figure, older shifted slabs correspond to older shown 
data..........................................................................................................................................................113 

 
4.10 Initial thermal stage for models basic1, basic2, basic3, basic4. This is the thermal state at the initial stage. 

Two thermal boundary layers can be seen at the top and the bottom of the domain, corresponding to the 
minimum (i.e., the lithosphere) and the maximum (i.e., the core-mantle boundary) temperature. The 
temperature is expressed in C°................................................................................................................114 

 
4.11 Step 0 relative to the model basic1. A view on South America in the upper panel, shows that the slab 

reaches the depth of 1300 km, whereas velocity vectors show a subduction direction that goes from E to 
W. The lower panel shows the Pacific side of the quarter annulus. Here an almost homogeneously ~600 
km thick lithosphere is shown. Velocity vectors are noticeably high under the Pacific plate, pointing to an 
E-W direction of the subduction direction. Globes in the right part of this figure show surface plate 
kinematics at this stage in a deep hotspot reference frame, with the black line suggesting the position of 
the tectonic equator, along which the 2d slice of this model is cut. Profiles A-A’ and B-B’ show the lateral 
extension of the quarter annulus, whereas the dashed Trench line points to the location where the trench 
should approximately be..........................................................................................................................115 

 
4.12 Depth (upper panel) and velocity (lower panel) data for the South American area of model basic1. The 

slab depth (upper panel) increases with time, passing over the 670 discontinuity (red dashed line) at about 
80 Myr. Velocities (lower panel) abruptly decrease from about 75 mm/yr to 20 mm/yr, value that is kept 
constant until the end of the model run....................................................................................................116 
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4.13 Depth and velocity data for Japanese area in model basic1. The slab depth (upper panel) slowly increases 
with time, doesn’t passing over the 670 discontinuity (red dashed line). Velocity (lower panel) for the 
thickened lithosphere segment in the Japanese area is constant for the entire model run at about 75 
mm/yr......................................................................................................................................................117 

 
4.14 Step 0 relative to the model basic2. A view on South America in the upper panel shows that the lithosphere 

reaches the depth of ~400 km with an almost homogeneous thickness, whereas velocity vectors show an 
overall westward direction of the plate motion, although at different velocities. The lower panel shows 
the Pacific side of the annulus. Here an almost homogeneously ~400 km thick lithosphere is shown. 
Velocity vectors are noticeably high under the Pacific plate, pointing to an E-W direction of plate motion. 
Globes in the right part of this figure show surface plate kinematics in a shallow hotspot reference frame 
at this stage, with the black line suggesting the position of the tectonic equator, along which the 2d slice 
of this model is cut. Profiles C-C’ and D-D’ show the lateral extension of the quarter annulus. The dashed 
Trench line points to the approximate position of where the subduction trench should be......................119 

 
4.15 Depth (upper panel) and velocity (lower panel) data for the South American area of model basic2. After 

an initial stagnant phase, the slab depth (upper panel) slowly increases with time, reaching about 400 km 
depth, being far from the 670 km discontinuity (red dashed line). Velocities (lower panel) are constant 
from the start to the end of the model run at about 83 mm/yr..................................................................120 

 
4.16 Depth (upper panel) and velocity (lower panel) data for Japanese area in model basic2. The slab depth 

(upper panel) slowly increases with time does not crossing over the 670 km discontinuity (red dashed 
line). Velocity (lower panel) for the thickened lithosphere segment in the Japanese area is constant for the 
entire model run at about 180 mm/yr........................................................................................................121 

 
4.17 Step 0 relative to the model basic3. A view on South America in the upper panel, shows that the 

lithosphere reaches the depth of ~700 km on the westernmost side of the Atlantic Ocean, almost below 
the eastern side of the South American continent, whereas below central Atlantic Ocean it reaches ~580 
km depth. Velocity vectors show an eastward direction of the plate motion for the Nazca plate, so that the 
western thickened area direction of accumulation seems to be from W to E. The easternmost boundary of 
the South American plate is going westward at this stage. In the lower panel the Pacific side of the annulus 
is shown. At this stage two slabs can be seen, a shallower one below Indonesia (~810 km) and a deeper 
one below Japan (~2400 km). Velocity vectors are very high under the Pacific plate, pointing to an E-W 
direction of plate motion. Globes in the right part of this figure show surface plate kinematics in a deep 
hotspot reference frame at this stage, with the black line suggesting the position of the tectonic equator, 
along which the 2d slice of this model is cut. In profiles E-E’ and F-F’ the lateral extension of the described 
annulus can be seen whereas the dashed Trench line indicates where the subduction trench should be...122 

 
4.18 Depth (upper panel) and velocity (lower panel) data for the South American area of model basic3. The 

thickened zone increases its depth with time (upper panel) and, when reaching the 670 km discontinuity 
at about 80 Myr, it stagnates at this depth until the end of the model run. For what regards the velocity 
data (lower panel), the lithosphere velocities reach their maximum value of 10 mm/yr at 90 Myr and 30-
20 Myr, whereas its minimum value of 0 mm/yr is reached at step 7, 5 and 4........................................124 

 
4.19 Depth (upper panel) and velocity (lower panel) data for Japanese area in model basic3. For the Japanese 

area, the slab depth (upper panel) starts to constantly increase with time until about 100 Myr, time at 
which it reaches the 670 discontinuity (red dashed line) and stagnate on it for about 20 Myr. After that, 
the slab depth increases again, stagnating for about 10 Myr at 1500 km depth. It starts then to deepen 



 

 242 

again, reaching 2400 km depth at 0 Myr. Velocity values (lower panel) have their maximum at step 14, 
with a value of 60 mm/yr, reaching a minimum of 10 mm/yr at steps 13, 8-7 and 4................................125 

 
4.20 Step 0 relative to model basic4. Looking at South America (upper panel) the lithosphere is thin at the 

western boundary of the numerical domain. Going towards the east, under the South American continent, 
below the current position of the South American trench, a slab that reaches 1650 km depth can be 
observed. From its wedge, the slab is almost wide as the South American continent. The lithosphere then, 
right eastward of the South American coastlines becomes thin again, reaching its undeformed initial 
condition of 100 km thickness until the end of the model domain, to the E. Velocity vectors are slightly 
shorter within the mantle, but are higher in correspondence of two rising plume, one at the westernmost 
boundary of the numerical domain, reaching 670 km depth, and one (reaching 670 km depth) below the 
western side of the Atlantic ocean. In the Pacific side (lower panel) the slab below India, has a depth of 
~1740 km and it is very thin if compared to its wedge thickness. Towards the E, a slab that has a ~700 
km depth can be seen below Indonesia. Velocity of the lithosphere surface is high in correspondence of 
the Pacific plate, whereas it is slightly slower for the Indo-Australia plate. Globes in the right part of this 
figure show surface plate kinematics in a shallow hotspot reference frame at this stage, with the black line 
suggesting the position of the tectonic equator, along which the 2d slice of this model is cut. Profiles G-
G’ and H-H’ show the lateral extension and geographical location of the quarter annulus. The dashed 
Trench line points to the possible location of where the subduction trench should be.............................126 

 
4.21 Depth (upper panel) and velocity (lower panel) data for model basic4. The slab rapidly increases its depth 

(upper panel) for the first 50 Myr of the model run. Its deep become 1130 km at 90 Myr. The depth of the 
slab is constant until ~60 Myr. The slab at 50 Myr starts to increase its depth again, reaching 1220 km 
depth. At 30 Myr, the slab reaches a depth of about 1600 km that is kept constant until the current day 
plate motions setting (0 Myr). Velocities (lower panel) are discontinuous, increasing and decreasing with 
time. They reach a minimum value of 0 mm/yr during steps 8-5, whereas its maximum peak is at step 3, 
with a value of 110 mm/yr........................................................................................................................128 

 
4.22 Depth (upper panel) and velocity (lower panel) data for Pacific area in model basic4. Initially (upper 

panel) an almost defined slab tip reaches 670 km depth, stagnating here for about 10 Myr. At 100 Myr, 
the slab starts to slowly but continuously deepen again, reaching throughout the whole model running 
time 1740 km depth at 0 Myr. Velocities (lower panel) are discontinuous with some phases at which they 
are kept constant. Their maximum value is of about 150 mm/yr, reached at 30 Myr, whereas their 
minimum value is 50 mm/yr, reached at 40 and 10 Myr..........................................................................129 

 
4.23 Initial thermal stage for models vp1 and vp2. This is the thermal state at the initial stage. Two thermal 

boundary layers can be seen at the top and the bottom of the domain, corresponding to the minimum (i.e., 
the lithosphere) and the maximum (i.e., the core-mantle boundary) temperature. The temperature is 
expressed in C°........................................................................................................................................130 

 
4.24 Step 0 relative to model vp1. Looking at South America (upper panel) the lithosphere is thin at the western 

boundary of the numerical domain and thickens going towards the east, exceeding the 410 km 
discontinuity of few km under the South American continent whereas it remains uniformly thick eastward, 
below the Atlantic Ocean, reaching its undeformed initial condition of 100 km thickness right at the end 
of the model domain. Velocity vectors are almost of the same length for Pacific and South American 
plates, at the westernmost and easternmost sides of the domain, keeping also the same westward direction, 
whereas they are longer for the Nazca plate, in the middle, that moves towards the east. The Pacific area 
(lower panel) from the westernmost side of the numerical domain, shows a depth of the lithosphere of 
~100 km. Below Indonesia a wide thick zone can be seen reaching a depth of about 600 km. This zones 
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almost continuously connects with the deformed thickened zone below the Philippines Sea and Japan, 
that is 1000 km depth. Globes in the right part of this figure show surface plate kinematics in a shallow 
hotspot reference frame at this stage, with the black line suggesting the position of the tectonic equator, 
along which the 2d slice of this model is cut. In the profiles I-I’ and J-J’ are shown the lateral extension 
and geographical position of the quarter annulus, whereas the dashed Trench line points to the 
geographical position of where the subduction trench should be.............................................................131 

 
4.25 Depth (upper panel) and velocity (lower panel) data for the South American lithosphere. In the upper 

panel the thickened area slowly increases its thickness from 100 km at 140 Myr to 400 km at 40 Myr, 
remaining stable at this depth until the end of the model run. Velocity (lower panel) for the South 
American thickened zone reaches a maximum of 50 mm/yr between 140 and 130 Myr and a minimum of 
0 mm/yr between 50 and 40 Myr. ............................................................................................................133 

 
4.26 Depth (upper panel) and velocity (lower panel) data for the Japanese slab. From the start of the model run 

(140 Myr) to its end (0 Myr) the slab depth (upper panel) slowly and continuously increase, reaching 1000 
km depth at 10 Myr, constant also at 0 Myr. Velocities (lower panel) for this slab increase from about 10 
mm/yr to almost 40 mm/y during the first 30 Myr of the model run. Then they decrease to 20 mm/yr at 
80 Myr, remaining constant at this value until 60 Myr. After a discontinuous phase at which the velocity 
jumps from 40 mm/yr to 0 mm/yr and then again to 30 mm/yr and 10 mm/yr. At the end of the model run 
(10-0 Myr) the velocity of the bottom of the thickened lithosphere is constant at 20 mm/yr....................134 

 
4.27 Step 0 relative to model vp2. Looking at South America (upper panel) the lithosphere is thin at the western 

boundary of the numerical domain and thickens going towards the east, reaching the maximum depth of 
about 550 km under the South American continent. Towards the East, below the Atlantic ocean, its 
thickens goes back to the initial condition, reaching again 100 km depth. Velocity vectors points to a 
westward direction of the lithospheric accumulation under the South American continent. The Pacific 
area (lower panel) from the westernmost side of the numerical domain, shows a depth of the lithosphere 
of ~100 km. Then, from about India to the Sunda and Eurasian plates a wide thick zone that reaches a 
depth of about 700 km can be observed. Velocities at the surface, as well as at the bottom of the model 
domain, point to an E-W direction of the lithospheric accumulation. Globes in the right part of this figure 
show surface plate kinematics in a shallow hotspot reference frame at this stage, with the black line 
suggesting the position of the tectonic equator, along which the 2d slice of this model is cut. In the profiles 
K-K’ and L-L’ are shown the lateral extension and geographical position of the quarter annulus. The 
dashed Trench line represents where the subduction trench should be geographically located...............135 

 
4.28 Depth (upper panel) and velocity (lower panel) data for the South American lithosphere. In the upper 

panel, the depth evolution data through time relative to the South American thickened zone are shown. In 
this area the thickness of the lithosphere reaches ~350 km at 80 Myr. This situation is stable until 40 Myr. 
Here the lithosphere starts to increase its thickness, reaching 400 km depth at 30 Myr. At 10 Myr, the slab 
depth is ~500 km reaching ~550 km at 0 Myr. The lower panel shows the velocity evolution of the South 
American slab. Maximum velocity value is about 83 mm/yr reached at 30 Myr, whereas the minimum 
value is 0 mm/yr, that is reached by the lithosphere between 80 and 60 Myr and at 10 Myr.................137 

 
4.29 Depth (upper panel) and velocity (lower panel) data for the Japanese lithosphere. In the upper panel, after 

an increasing phase of the lithospheric depth up to about 500 km, this thickness is stable until 20 Myr. 
After that the lithosphere depth reaches 700 km, being stable during the last 10 Myr of the model run. In 
the lower panel, velocities of the lithosphere reach their maximum value of 110 mm/yr at 140 and 30 Myr, 
whereas their minimum value is 0 mm/yr, reached at 80 Myr and kept between 60 and 40 Myr...........138 
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4.30 Initial thermal stage for models isehar1 and isehar2. This is the thermal state at the initial stage. One 
thermal boundary layer can be seen at the top of the domain, corresponding to the minimum (i.e., the 
lithosphere) temperature. The temperature is expressed in C°................................................................139 

 
4.31 Step 0 relative to model isehar1. Looking at South America (upper panel) the lithosphere is less than 100 

km thick at the western boundary of the numerical domain. It thickens towards the east, reaching a depth 
of 960 km in correspondence of the subducting slab, right eastward of the South American continent and 
on the western side of the Atlantic Ocean. Going eastward, in the middle of the Atlantic ocean a very thin 
and deformed slab can be seen. It reaches a depth of about 2400 km. Velocity vectors are shorter within 
the mantle and point to a counterflow behind the subducting slab, with the upwelling in correspondence 
of the East Pacific Rise. Velocities are almost null at the CMB layer. A wide delamination zone can be 
observed from about India to Indonesia (Pacific area, lower panel). Then, almost below the Eurasian plate 
a thin and localized subducting slab reaches the depth of ~2500 km. This slab is surrounded by a zone of 
thickened lithosphere that reaches the depth of about 410 km both westward and eastward of the slab. 
Velocity vectors decrease towards the bottom of the model domain, but they are of the same intensity of 
the surface along the subducting slabs, this seems to enhance a weak circulation into the mantle, towards 
the W. Globes in the right part of this figure show surface plate kinematics in a deep hotspot reference 
frame at this stage, with the black line suggesting the position of the tectonic equator, along which the 2d 
slice of this model is cut. Profiles M-M’ and N-N’ show the lateral extension and geographical location 
of the quarter annulus surface. The location where the subduction trench should be is pointed by the 
dashed Trench line...................................................................................................................................140 

 
4.32 Depth (upper panel) and velocity (lower panel) data for the South American slab. The depth  (upper panel) 

evolution of the young South American slab starts at about 10 Myr, reaching rapidly the depth of about 
600 km. At 0 Myr, it reaches ~1000 km depth. Velocity (lower panel), in fact, is very high for the tip of 
this slab. It starts with a velocity of 40 mm/yr (its minimum value), to end at 0 Myr with a velocity of ~50 
mm/yr (its maximum value).....................................................................................................................142 

 
4.33 Depth (upper panel) and velocity (lower panel) data for the Japanese slab. Depth  (upper panel) evolution 

started at 140 Myr, time at which the lithosphere is homogeneously thick (100 km). At 130 Myr the 
lithosphere starts to thickens below Japan, reaching 260 km depth at 120 Myr. At 110 Myr the slab starts 
to increase more rapidly its depth, reaching 2580 km depth at 60 Myr. Its depth is constant until about 40 
Myr, time at which its depth start to increase again. At 40 Myr, the deepest part of the Japanese slab is at 
2670 km, reaching the bottom of the model domain at 30 Myr. Velocity (lower panel) evolution for the 
Japanese slab is discontinuous and variable. Among a number of up and downs, the maximum velocity 
value reached at 130 Myr is about 90 mm/yr whereas the minimum is 0 at the current stage (0 Myr).....143 

 
4.34 Step 0 relative to model isehar2. In the upper panel (South America) the lithosphere at the western 

boundary of the numerical domain is about 100 km thick. It thickens towards the east, right under the 
South American trench, forming a mantle wedge that is about 410 km thick. Here the South American 
slab can be observed. It has a total depth of ~2900 km depth. The slab preserve almost its initial 
temperature and thickness until about 1400 km depth. From this depth, at which the slab is not subject to 
deformation, the deformed part of the slab starts reaching 2900 km depth. All plates show a westward 
direction, although keeping different velocities. The Pacific area (lower panel) from the westernmost side 
of the numerical domain shows a depth of the lithosphere of ~100 km. Its depth rapidly increases eastward, 
where a wedge (410 km thick) and a slab that reaches 2200 km depth below the Indian Ocean can be seen. 
The bottom of this subducting slab is at ~410 km, but the lithosphere thickness decreases up to about 350 
km towards the east. Below Indonesia another slab can be seen. It reaches a depth of ~2200 km. Velocity 
vectors have a westward direction, showing different velocities. Globes in the right part of this figure 
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show surface plate kinematics in a shallow hotspot reference frame at this stage, with the black line 
suggesting the position of the tectonic equator, along which the 2d slice of this model is cut. In profiles 
O-O’ and P-P’ the lateral extension and geographical position of the quarter annulus surface are shown. 
The position where the subduction trench should be is represented by the dashed trench line..............145 

 
4.35 Depth (upper panel) and velocity (lower panel) data for the South American side of model isehar2. In the 

upper panel the lithosphere at the initial stage of 140 Myr is 100 km thick for all the spherical shell, then 
it starts to slowly but constantly increase its thickness up to 500 km, at 110 Myr. The lithosphere thickness 
deepens in a faster way until 70 Myr, time at which it reaches 2500 km depth. After this time, the slab dip 
decreases its velocity, reaching 2900 km depth at 30 Myr and keeping it constant until the end of the 
model run. Velocities for this model follow a discontinuous evolution. Maximum peaks are two in 
correspondence of 90 and 30 Myr, whereas minimum velocity is about 20 mm/yr, kept constant between 
60 and 40 Myr and from 20 to 0 Myr......................................................................................................147 

 
4.36 Depth (upper panel) and velocity (lower panel) data for the Japanese slab. The depth evolution of the 

Japanese slab (upper panel) starts at about 30 Myr with a depth of about 100 km. The depth of the slab 
tip increases almost continuously, following the same trend, up to almost 380 km depth at 0 Myr. During 
velocity evolution at the slab tip the maximum velocity reached is about 150 mm/yr whereas the minimum 
is 50 at and 10 Myr...................................................................................................................................148 

 
4.37 Initial thermal stage for models majol1 and majol2. This is the thermal state at the initial stage. One 

thermal boundary layer can be seen at the top of the domain, corresponding to the minimum (i.e., the 
lithosphere) temperature. The temperature is expressed in C°................................................................149 

 
4.38 Step 0 relative to model majol1. Looking at South America (upper panel) the lithosphere at the western 

boundary of the numerical domain is about 100 km thick. It thickens towards the east, right eastward with 
respect to the South American coastlines, reaching a depth of ~780 km. Velocity vectors show an eastward 
direction for the Nazca plate, with a higher velocity with respect to the South American plate, which has 
a westward motion of its surface. In the Pacific area (lower panel), the lithosphere at the westward 
boundary of the annulus has a depth of about 175 km. It increases going eastward and below Indonesia a 
mantle wedge in front of the slab can be seen, with a depth of about 410 km. The slab here reaches a depth 
of 1100 km. Under Japan, the slab reaches a depth of 700 km. Velocity vectors on the lithosphere surface 
are very small for the Indo-Australian and Eurasian plates, whereas they are higher towards the Pacific 
plate. Globes in the right part of this figure show surface plate kinematics in a deep hotspot reference 
frame at this stage, with the black line suggesting the position of the tectonic equator, along which the 2d 
slice of this model is cut. In profiles Q-Q’ and R-R’ the lateral extension and geographical position of the 
quarter annulus surface are shown. The dashed vertical Trench line points to the location where the 
subduction trench should be.....................................................................................................................150 

 
4.39 Depth (upper panel) and velocity (lower panel) data for the South American slab of model majo1. In the 

upper panel depth evolution of the South American slab can be observed. At 20 Myr the slab has a depth 
of 440 km. At 10 Myr the active slab reaches 700 km depth, merely exceeding the 670 discontinuity. At 
this depth its deepening process is slowered down. At the last stage (0 Myr) the slab reaches a depth of 
780 km. Maximum velocity (lower panel) for this slab is ~30 mm/yr at 20 and 0 Myr, whereas minimum 
velocity is 20 mm/yr at 10 Myr...............................................................................................................152 

 
4.40 Depth (upper panel) and velocity (lower panel) data for the Japanese slab of model majol1. Looking at 

the depth evolution of the young Japanese slab (upper panel), at 40 Myr it has a depth of about 550 km, 
whereas it is constant around the 670 discontinuity between 30 and 10 Myr, reaching 730 km depth at 0 
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Myr. The minimum velocity for this slab (lower panel) is 10 mm/yr, constant 40 to 10 Myr and its 
maximum is 20 mm/yr at 0 Myr...............................................................................................................153 

 
4.41 Step 14 relative to model majol2. In the upper panel (South America) the model shows a lithosphere that 

is about 100 km thick at the western boundary of the quarter annulus. It thickens towards the east, right 
westward of the South American coastlines, where the wedge in front of the South American slab reaches 
a depth of ~410 km. Right eastward, the slab is about 700 km depth, whereas a segment of it, detached 
and localized slightly westward, reaches 900 km depth. Velocity vectors have a westward direction for 
all the plate surfaces. Pacific and South America plates show comparable velocities, higher with respect 
to the Nazca plate that has shorter velocity vectors. The lower panel shows the Pacific area where, from 
the westernmost side of the numerical domain, the lithosphere has a uniform depth of ~400 km. This side 
of the quarter annulus shows a delaminated lithosphere. More nails of lithosphere enters the mantle form 
the Indian ocean to the Eurasian plate. They start all from about the 410 km discontinuity and they stop 
at the 670 km discontinuity, except for a slab below the Eurasian plate, which penetrate the 670 km 
discontinuity, reaching almost 900 km depth. Under Japan the lithosphere is about 410 km thick but no 
slabs are observable. Velocity vectors on the lithosphere surface follow a global westward direction. 
Vectors of the Indo-Australian plate lithosphere are shorter if compared to Eurasian vectors, whereas they 
further increase in length for Pacific plates. Globes in the right part of this figure show surface plate 
kinematics in a shallow hotspot reference frame at this stage, with the black line suggesting the position 
of the tectonic equator, along which the 2d slice of this model is cut. Profiles S-S’ and T-T’ show the 
lateral extension and geographical location of the quarter annulus surface. The dashed Trench line points 
to where the subduction trench should be. ..............................................................................................154 

 
4.42 Depth (upper panel) and velocity (lower panel) data for the South American slab of model majol2. In the 

upper panel the South American slab evolution starts at a depth of about 500 km at 50 Myr from the end 
of the model run. This slab slowly deepen through the last steps of the model run, reaching about 750 km 
depth, kept constant for the last 10 Myr of the model evolution. Velocities for the South American slab 
(lower panel) show a maximum value of about 90 mm/yr at 30 and 0 Myr, whereas they show the 
minimum value of about 25 mm/yr at 50 Myr........................................................................................156 

 
4.43 Depth (upper panel) and velocity (lower panel) data for the Japanese lithosphere of model majol2. The 

evolution of the lithosphere thickening below Japan (upper panel) is younger and starts at about 10 Myr 
and at a depth of ~200 km. The thickness of the lithosphere increases up to ~410 km at the current plate 
motion stage (0 Myr). The lithosphere velocity evolution (lower panel) starts at the same 10 Myr time, 
with a velocity of ~50 mm/yr and ends with a velocity of ~110 mm/yr, which correspond thus to maximum 
and minimum values................................................................................................................................157 

 
4.44 Initial thermal stage for models majfo89_1 and majfo89_2. This is the thermal state at the initial stage. 

One thermal boundary layer can be seen at the top of the domain, corresponding to the minimum (i.e., the 
lithosphere) temperature. The temperature is expressed in C°...............................................................158 

 
4.45 Step 0 relative to model majfo89_1. In the upper panel, the Pacific lithosphere at the western boundary 

of the numerical domain is about 100 km thick. It thickens towards the east. Eastward of the South 
American coastlines a slab that is about 750 km depth can be observed. It is rather wide and, right 
eastward, a thick wedge zone reaching a depth of about 410 km can be seen. Towards the East the 
lithosphere is homogeneously ~400 km thick until almost the end of the spherical annulus. At this point 
it becomes thinner, reaching the undeformed initial condition of 100 km of thickness. Velocity vectors 
show a westward direction of the Pacific plate, at the westward boundary of the domain, whereas the 
Nazca plate has an eastward direction of motion, with a higher velocity with respect to the South American 
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plate, which has a westward slower motion of its surface. The lithosphere in the Pacific area (lower panel) 
is 100 km thick at the beginning of the spherical annulus, then suddenly starts to increase in thickness, 
reaching ~410 km right westward of the slab subducting below the Indonesian subduction zone. Here the 
slab reaches about 1450 km depth, whereas the lithosphere has a thickness of ~410 km towards the east, 
reaching the Japanese area and the Japanese slab. This slab reaches below Japan ~1220 km depth, but a 
hotter and almost faded segment can be seen prosecuting after its end. Eastward with respect to the slab 
the lithosphere maintain a thickness of about 410 km until the end of the spherical annulus. Velocity 
vectors on the lithosphere surface are very small for the Indo-Australian and Eurasian plates, whereas 
they are slightly higher in correspondence of the the Pacific plate. Globes in the right part of this figure 
show surface plate kinematics in a deep hotspot reference frame at this stage, with the black line 
suggesting the position of the tectonic equator, along which the 2d slice of this model is cut. Profiles U-
U’ and V-V’ show the lateral extension and geographical position of the correspondent quarter annulus 
surface. The location of where the subduction trench should be is pointed by the dashed Trench line....158 

 
4.46 Depth (upper panel) and velocity (lower panel) data for the South American slab of model majfo89_1. 

The depth evolution (upper panel) for the South American slab starts at about 30 Myr, at a depth of about 
450 km. Its depth slowly increases up to the 670 km discontinuity, at 10 Myr, the it deepens abruptly at 0 
Myr, reaching ~800 km depth. Velocity evolution (lower panel) for this slab starts at 30 Myr, with a 
velocity of 10 mm/yr. Between 20 and 10 Myr the slab tip velocity is constant at 20 mm/yr, increasing to 
30 mm/yr at 0 Myr..................................................................................................................................161 

 
4.47 Depth (upper panel) and velocity (lower panel) data for the Japanese slab of model majfo89_1. For the 

Japanese slab, the depth evolution (upper panel) starts at 60 Myr and at a depth of ~800 km. Its depth 
increases constantly up to about 1800 km, depth that is kept for 20 and 10 Myr. At 0 Myr, its depth is 
instead shallower, reaching 2200 km. Velocity evolution for this slab has a maximum peak of the velocity 
value of 50 mm/yr at 50 Myr, whereas it has a minimum peak of 0 mm/yr at 10 Myr..........................162 

 
4.48 Step 0 relative to model majfo89_2. In the upper panel model majfo89_2 shows a lithosphere that is about 

100 km thick at the western boundary of the quarter annulus. It thickens towards the east, right westward 
of the South American coastlines, where the wedge in front of the South American slab reaches a depth 
of ~410 km. Here, the slab is about 730 km depth. In correspondence of the eastern boundary of the 
numerical domain the lithosphere has a thickness of ~150 km. Velocity vectors have a westward direction 
for all the plate surfaces. Pacific and South America plates show comparable velocities, higher with 
respect to the Nazca plate that has shorter velocity vectors. The Pacific area (lower panel) from the 
westernmost side of the numerical domain shows a uniform depth of the lithosphere of ~410 km. This 
side of the quarter annulus shows more nails of lithosphere that enters the mantle below the Indo-
Australian and Eurasian plates. They start all from about the 410 km discontinuity and stop at about 500 
km depth, exceeding the 670 km discontinuity only in correspondence of an old faded slab below Eurasia, 
which penetrate the 670 km discontinuity, reaching almost 1160 km depth. However, they all contribute 
to cool down the upper mantle temperature in this region. Under Japan the lithosphere is about 410 km 
thick, but no slabs are observable. Velocity vectors on the lithosphere surface follow a global westward 
direction. Velocities of the Indo-Australian plate lithosphere are high and velocity vectors are of the same 
length with respect to the Eurasia and they increase in length within the Pacific plates. Globes in the right 
part of this figure show surface plate kinematics in a shallow hotspot reference frame at this stage, with 
the black line suggesting the position of the tectonic equator, along which the 2d slice of this model is 
cut. In profiles Y-Y’ and W-W’ the lateral extension and geographical location of the correspondent 
quarter annulus surface are shown. The dashed Trench line represents where the subduction trench should 
be.............................................................................................................................................................163 
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4.49 Depth (upper panel) and velocity (lower panel) data for the South American slab of model majfo89_2. 
The South American (upper panel) slab depth evolution starts at a depth of about 200 km. Its depth 
increases up to ~1390 km at 60 Myr. After this timestep, the active tip of the subducting slab becomes 
shallower, at a depth of about 520 km. At 40 Myr, the slab reaches 580 km depth, whereas it is 730 km 
depth during the last 30 Myr of the model run, between 30 and 0 Myr. Velocity evolution of this slab 
(lower panel) has its minimum value at about 25 mm/yr, reached at 110, 80-50 and 10 Myr, whereas its 
maximum peak is at 0 Myr, where the slab tip reaches  a velocity of about 130 mm/yr........................165 

 
4.50 Depth (upper panel) and velocity (lower panel) data for the Japanese lithosphere of model majfo89_2. 

The depth evolution (upper panel) for this part of lithosphere starts at 30 Myr, with a thickness of about 
200 km. It reaches the maximum depth of ~490 km, that is maintained at 0 Myr. Evolution for velocities 
of the lithosphere (lower panel) in this area has its maximum value at 30 Myr, when it reaches ~120 
mm/yr, whereas its minimum peak is reached between 20 and 10 Myr, at about 50 mm/yr...................166 

 
4.51 Step 7 relative to model majol_sa (upper panel) and model majol_ja (lower panel). In model majol_sa 

(upper panel), the lithosphere at the western boundary of the numerical domain is about 100 km thick. 
Right eastward with respect to the South American coastlines a lithospheric slab can be observed with a 
maximum depth of about 750 km. Velocity vectors show a westward direction of the Pacific plate, at the 
western boundary of the domain, whereas they become consistently faster and with an eastward direction 
of motion in correspondence of the Nazca plate. The South American plate is fixed. In model majol_ma 
(lower panel), the lithosphere at the western boundary of the numerical domain is about 300 km thick. 
This depth is constant until the Marianas region, towards the east, where a lithospheric slab can be 
observed with a maximum depth of about 1020 km. It has a regular shape within the mantle. From the 
Marianas slab the lithosphere thickness goes back to ~350 km depth. Velocity vectors show an eastward 
direction of the Indo-Australian plate, as well as the Eurasian plate. Between this latter and the Pacific 
plate the fixed Marianas plate can be seen. Globes in the right part of this figure show surface plate 
kinematics in a South American fixed reference frame (upper panel) and in a Marianas plate fixed 
reference frame (lower panel) at this stage, with the black line suggesting the position of the modified 
tectonic equator (which has the rotation pole at coordinates of longitude 100° and latitude -65°), along 
which the 2d slices of the models are cut. Profiles E1-E1’ and F1-F1’ show the geographical position and 
the lateral extension of the quarter annulus represented in this figure. The dashed Trench line represents 
where the subduction trench should be located........................................................................................168 

 
4.52 Depth (upper panel) and velocity (lower panel) data for the South American side of model majol_sa. The 

South American slab depth evolution (upper panel) for model majol_sa starts from 70 Myr, at a depth of 
about 100 km. Since the starting runtime for this model the slab depth increases constantly up to 750 km 
at 0 Myr. Velocity evolution (lower panel) starts at 70 Myr. For this evolution the slab tip has a maximum 
velocity of about 20 mm/yr at 70 and 60 Myr, whereas its minimum peak is 0 mm/yr at 0 Myr............170 

 
4.53 Depth (upper panel) and velocity (lower panel) data for the Marianas lithosphere of model majol_ma. 

Depth evolution for the Marianas slab (upper panel) starts from 70 Myr, at a depth of about 100 km. Since 
the starts of this model run the slab depth constantly rises up until 1020 km depth, at 0 Myr. Velocity 
evolution (lower panel) starts at a value of 20 mm/yr during 70 and 60 Myr, this value decreases down to 
10 mm/yr and it is constant between 50 and 10 Myr.Velocity evolution (lower panel) shows its maximum 
peak at 20 mm/yr, whereas the minimum peaks are reaches 50 mm/yr for the remaining timesteps of the 
model.......................................................................................................................................................171 

 
4.54 Step 0 relative to model majol3d_1. In the upper panel, model majol3d_1 shows a lithosphere, at the 

western boundary of the numerical domain, that is about 410 km thick. Right eastward with respect to the 
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South American coastlines a lithospheric thickening can be observed, with a maximum depth of about 
640 km. Going towards the east, the lithosphere thickness becomes ~410 km depth again until the 
easternmost boundary of the annulus. Velocity vectors show a westward direction of the Pacific plate, at 
the western boundary of the domain, a N-S direction for the East Pacific Rise, where velocity vectors 
reverse their motion direction in correspondence of the Nazca plate, that has an eastward direction of 
motion. The South American plate has a westward-directed lithospheric motion and its direction inversion 
occurs below the eastern boundary of the South American coastline. The lithosphere is ~410 km thick at 
the western boundary of the spherical annulus in the Pacific area (lower panel). Under Indonesia a segment 
of descending lithosphere into the mantle can be seen, reaching a depth of about 1280 km. However, an 
older and hotter prosecution of it at depth can be seen, being almost mixed with the surrounding mantle, 
reaching the bottom of the model domain. Eastward, the lithosphere has a thickness of ~410 km, reaching 
the Japanese area and the Japanese slab. This slab reaches here ~1620 km depth. Velocity vectors on the 
lithosphere surface are eastward-directed for the Indo-Australian plate, whereas they invert their motion 
direction in correspondence of the Eurasian plate, becoming strictly westward-directed on the Pacific 
plates surface. Globes in the right part of this figure show surface plate kinematics in a deep hotspot 
reference frame at this stage, with the black line suggesting the position of the tectonic equator, along 
which the 2d slice within the 3d model is cut. Profiles A1-A1’ and B1-B1’ are shown to point out to the 
surface of the correspondent quarter annulus geographical location and lateral extension. The dashed 
Trench line points to where the subduction trench should be..................................................................172 

 
4.55 Depth (upper panel) and velocity (lower panel) data for the South American lithosphere of model 

majol3d_1. The South American (upper panel) slab depth evolution starts at about 50 Myr, at which the 
lithosphere reaches a depth of ~250 km. Its depth constantly increases up to ~640 km at 10 Myr. This 
depth is kept also at 0 Myr. Velocity evolution (lower panel) starts at 50 Myr, at which the deepest point 
of the lithosphere assumes the maximum velocity of about 40 Myr at 30 and 0 Myr, whereas its minimum 
peak is 20 mm/yr at 40 Myr. ...................................................................................................................175 

 
4.56 Depth (upper panel) and velocity (lower panel) data for the Japanese lithosphere of model majol3d_1. 

Depth evolution for the Japanese lithosphere (upper panel) starts at the beginning of the model run, i.e. 
140 Myr, at a depth of ~175 km. The lithospheric depth increases up to ~1310 km (90 Myr), being constant 
then for 10 Myr between 90 and 80 Myr. Then it starts to deepen again, more rapidly, reaching 2900 km 
depth (i.e., the CMB bottom of the numerical domain) at 40-30 Myr. Then the deepest point of the 
Japanese lithosphere becomes shallower, reaching ~1540 km depth between 20 and 10 Myr, reaching 
about 1620 km depth at the last stage, i.e. 0 Myr. Velocity evolution (lower panel) shows maximum peaks 
at 100 mm/yr at 140-130 and 50 Myr, whereas the minimum peak is at 10 Myr, reaching 10 mm/yr.....176 

 
4.57 Step 0 relative to model majol3d_2. In the upper panel, the South American lithosphere at the western 

boundary of the numerical domain is about 500 km thick. Westward with respect to the South American 
coastlines a wide thickened lithospheric area can be observed, with a maximum depth of about 1250 km. 
It extends from below the plate boundary between Pacific and Nazca plates to the easternmost boundary 
of the South American coastlines. Going towards the east, the lithosphere thickness becomes ~670 km 
depth until the easternmost boundary of the domain. Velocity vectors show a westward direction of 
motion for the tectonic plates, being the Pacific and the South American (at the boundaries) faster with 
respect to the central slower Nazca plate. Looking at the Pacific side (lower panel) the lithosphere is 
~1310 km thick at the western boundary of the spherical annulus, between India and Indonesia. Under the 
western Eurasian plate the lithosphere is about 600 km depth. In correspondence of eastern Eurasia and 
Pacific plates an almost homogeneous lithosphere is ~1330 km depth until the end of the quarter annulus. 
Velocity vectors on the lithosphere surface are westward-directed and their velocity is slower towards the 
western side of the domain, in correspondence of the Indo-Australian plates, increasing slightly towards 
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the eastern Eurasian and Pacific plates. Globes in the right part of this figure show surface plate kinematics 
in a shallow hotspot reference frame at this stage, with the black line suggesting the position of the tectonic 
equator, along which the slice within the 3d model is cut. In profiles C1-C1’ and D1-D1’ lateral extension 
and geographical position of the correspondent quarter annulus are shown. The dashed vertical Trench 
line points to where the subduction trench should be...............................................................................177 

 
4.58 Depth (upper panel) and velocity (lower panel) data for the South American lithosphere of model 

majol3d_2. The South American (upper panel) slab depth evolution starts at 140 Myr, at a depth of about 
175 km. Its depth increases up to ~1450 km, at 100 Myr. This value is constant until 70 Myr. The 
lithosphere depth then decreases to ~1160 km at 60 Myr, slightly increasing up to about 1250 km until 0 
Myr. Velocity evolution (lower panel) starts at 140 Myr. For this evolution the deepest point of the 
lithosphere assumes a maximum velocity of about 200 mm/yr at 130 Myr, whereas its minimum peak is 
0 mm/yr at 110 and 10 Myr.....................................................................................................................179 

 
4.59 Depth (upper panel) and velocity (lower panel) data for the Japanese lithosphere of model majol3d_2. 

Depth evolution for the Japanese lithosphere (upper panel) starts at 70 Myr, at a depth of ~580 km. Its 
depth increases slowly up to about 725 km, stagnating at the 670 km discontinuity between 60 and 40 
Myr. Lithosphere depth increases abruptly at about 1220 km at 30 Myr, starting to increase slowly again 
afterwards reaching ~1330 km depth at 0 Myr. Velocity evolution (lower panel) shows its maximum peak 
at 110 mm/yr at 30 Myr, whereas the minimum peaks are at 50, 40 and 10 Myr, reaching 50 mm/yr....180 

 
4.60 Depth and velocity data relative to deep hotspot reference frame and with respect to South America fixed. 

Among seven models in a deep hotspot reference frame and one in a South America fixed reference frame, 
in the 37% the lithosphere does not penetrate across the 670 km discontinuity (red dashed line), in 38% 
of the cases it barely penetrates the 670 km discontinuity and in the remaining 25% the lithosphere exceeds 
the 670 km discontinuity..........................................................................................................................182 

 
4.61 Depth and velocity data relative to deep hotspot reference frame and with respect to Marianas fixed. 

Among seven models in a deep hotspot reference frame and one in a South America fixed reference frame, 
in the 37% the lithosphere does not penetrate across the 670 km discontinuity (red dashed line), in 38% 
of the cases it barely penetrates the 670 km discontinuity and in the remaining 25% the lithosphere exceeds 
the 670 km discontinuity..........................................................................................................................183 

 
4.62 Depth and velocity data relative to shallow hotspot reference frame. Of seven models in a shallow hotspot 

reference frame, in the 57% of the cases the lithosphere does not penetrate across the 670 km discontinuity 
(red dashed line), in 43% of the cases the lithosphere exceeds the 670 km discontinuity.......................184 

 
4.63 Depth and velocity data relative to shallow hotspot reference frame. Among seven models in a shallow 

hotspot reference frame, in the 71% of the cases the lithosphere does not penetrate across the 670 km 
discontinuity (red dashed line), in 15% of the cases it barely penetrates the 670 km discontinuity and in 
the remaining 14% the lithosphere exceeds the 670 km discontinuity.....................................................185 

 
4.64 Mantle tomography of the South American area. Here, although a subducting slab cannot be observed, 

the mantle tomography of the South American area shows that the rigid material is mostly located 
eastward with respect to the Nazca plate, below the South American plate and the Atlantic Ocean. In 
dashed line slab of model basic4 (Figure 20, upper panel) is consistently comparable with the position of 
the rigid material. Vertical exaggeration 4x.............................................................................................189 
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4.65 Mantle tomography of the Pacific area. Here, although a subducting slab cannot be observed, the mantle 
tomography of the Pacific area shows that the rigid material (in blue) is mostly located below the Indo-
Australian plates. In dashed line slab of model basic4 (Fig. 4.20, lower panel) is comparable with location 
of the rigid material in this area. Vertical exaggeration 4x......................................................................190 

 
A.1 Westward-like subduction model with LVZ and horizontal eastward mantle wind. This model has an older 

age of the oceanic subducting plate and a lower velocity of the mantle wind, with respect to the model in 
Figure 2.4a in Chapter 2 (Table A.1, model 7 and a, in bold, respectively). In this case the dip angle of 
the slab is steep (~45°), but not as much as the one of model in Figure 2.4a in Chapter 2, although its older 
age.  This leads to the conclusion that the age of the slab has a minor role in affecting subduction dynamics, 
with respect to the role of the velocity of the horizontal mantle wind. In fact, model 7 here, has a lower 
dip angle due to the lower velocity of the mantle flow pushing the slab downward. A backarc basin is 
opening (as in all westward-like models cases). .....................................................................................196 

 
A.2 Eastward-like subduction model with LVZ and horizontal eastward mantle wind. The slab has a low dip 

angle (Table. A.1, model 13) and at some point (at around 19.5 Myr) collision occurs and, therefore, there 
is not backarc spreading in the upper plate. In this case, the dip angle is higher than in the “eastward-like” 
model  in Chapter 2 (Table. A.1, model b, in bold), probably due to the double effect between a high 
thermal expansion value and a high activation volume value. Despite this, we have the same sustaining 
effect of the mantle acting on the subducting slab that model with the eastward-directed subduction shows 
in Chapter 2 (Figure. 2.4b)......................................................................................................................197 

 
A.3 Westward-like subduction model without LVZ, with the horizontal eastward mantle flow. Here the mantle 

flux is considered as negative (i.e., with an opposite direction with respect to the subduction direction): 
the dip of the slab has a steep angle (Table A.1, model Ref. 1), and there is a backarc opening on the upper 
plate, like in the other westward-like subduction models (Table A.1). Subduction in this case is very 
fast...........................................................................................................................................................198 

 
A.4 Eastward-like subduction model without LVZ, with the horizontal eastward mantle flow. Here (Table. 

A.1, model Ref. 2) mantle flux is considered as positive (i.e., with the same direction of the subducting 
slab): the oceanic subducting slab is sustained by the mantle flow, but the absence of the decoupling level 
between the lithosphere and the mantle causes a strong coupling between the upper and the lower plate. 
In fact, the slab (that has a dip angle of ~17.5°) is right under the upper plate during the whole subduction 
process.....................................................................................................................................................199 

 
A.5 Subduction model with LVZ, but without the horizontal eastward mantle flow. For model without mantle 

wind (Table A.1, model Ref. 3), the age of the subducted lithosphere that facilitate subduction is much 
more higher (150 Myr) than the one used in models with mantle wind. Substantially, slabs undergo 
subduction for older age values of the oceanic plate. All the slabs presented in Chapter 2 and Appendix 
A, instead, could subduct with younger ages (and this is actually what can be observed in nature). For this 
model the slab dip angle is about 67° (an almost intermediate value)......................................................200 

 
A.6 Subduction model without LVZ and without the horizontal eastward mantle flow. Also in case of model 

without mantle flow and without LVZ (Table A.1, model Ref. 4), the age of the subducted lithosphere 
required for the sinking of the slab is higher (150 Myr) than the one used for the other models (Table 
A.1). In this reference model the dip angle of the subducting slab has an intermediate value (~52.18°) 
between the E-directed models and the W-directed ones (Table A.1)......................................................201 
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B.1 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic1. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model basic1. Globes in the right part of the figure shows plate kinematics at 30 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................203 

 
B.2 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model basic1. Globes in the right part of the figure show plate kinematics at 60 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................204 

 
B.3 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model basic1. Globes in the right part of the figure shows plate kinematic at 90 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................204 

 
B.4 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of 
model basic1. Globes in the right part of the figure shows plate kinematic at 110 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................205 

 
B.5 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model basic2. Globes in the right part of the figure shows plate kinematic at 30 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator........................................................206 

 
B.6 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model basic2. Globes in the right part of the figure shows plate kinematic at 60 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................206 

 
B.7 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model basic2. Globes in the right part of the figure shows plate kinematic at 90 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................207 

 
B.8 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of 
model basic1. Globes in the right part of the figure shows plate kinematic at 110 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................207 

 
B.9 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic3. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model basic3. Globes in the right part of the figure shows plate kinematic at 30 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................208 

 
B.10 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic3. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model basic3. Globes in the right part of the figure shows plate kinematic at 60 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................208 



 

 253 

 
B.11 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic3. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model basic3. Globes in the right part of the figure shows plate kinematic at 90 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................209 

 
B.12 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic3. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of 
model basic3. Globes in the right part of the figure shows plate kinematic at 110 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................209 

 
B.13 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic4. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model basic4. Globes in the right part of the figure shows plate kinematic at 30 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................210 

 
B.14 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic4. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model basic4. Globes in the right part of the figure shows plate kinematic at 60 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................210 

 
B.15 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic4. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model basic4. Globes in the right part of the figure shows plate kinematic at 90 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................211 

 
B.16 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model basic4. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of 
model basic4. Globes in the right part of the figure shows plate kinematic at 110 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................211 

 
B.17 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model vp1. Globes in the right part of the figure shows plate kinematic at 30 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................212 

 
B.18 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model vp1. Globes in the right part of the figure shows plate kinematic at 60 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................212 

 
B.19 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model vp1. Globes in the right part of the figure shows plate kinematic at 90 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................213 

 
B.20 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of 
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model vp1. Globes in the right part of the figure shows plate kinematic at 110 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................213 

 
B.21 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model vp1. Globes in the right part of the figure shows plate kinematic at 30 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................214 

 
B.22 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model vp2. Globes in the right part of the figure shows plate kinematic at 60 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................214 

 
B.23 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model vp2. Globes in the right part of the figure shows plate kinematic at 90 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................215 

 
B.24 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model vp2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of 
model vp2. Globes in the right part of the figure shows plate kinematic at 110 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................215 

 
B.25 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model isehar1. Globes in the right part of the figure shows plate kinematic at 30 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................216 

 
B.26 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model isehar1. Globes in the right part of the figure shows plate kinematic at 60 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................216 

 
B.27 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model isehar1. Globes in the right part of the figure shows plate kinematic at 90 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................217 

 
B.28 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of 
model isehar1. Globes in the right part of the figure shows plate kinematic at 110 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................217 

 
B.29 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model isehar2. Globes in the right part of the figure shows plate kinematic at 30 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................218 
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B.30 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar2. 
Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model isehar2. Globes in the right part of the figure shows plate kinematic at 60 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................218 

 
B.31 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model isehar2. Globes in the right part of the figure shows plate kinematics at 90 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................219 

 
B.32 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model isehar2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of 
model isehar2. Globes in the right part of the figure shows plate kinematics at 110 Myr in a Shallow 
Hotspot reference frame. The black line corresponds to the tectonic equator..........................................219 

 
B.33 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model majol1. Globes in the right part of the figure shows plate kinematics at 30 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................220 

 
B.34 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model majol1. Globes in the right part of the figure shows plate kinematics at 60 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................220 

 
B.35 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model majol1. Globes in the right part of the figure shows plate kinematics at 90 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................221 

 
B.36 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 11 of 
model majol1. Globes in the right part of the figure shows plate kinematics at 110 Myr in a Deep Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................221 

 
B.37 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model majol2. Globes in the right part of the figure shows plate kinematics at 30 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................222 

 
B.38 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model majol2. Globes in the right part of the figure shows plate kinematics at 60 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................222 

 
B.39 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model majol2. Globes in the right part of the figure shows plate kinematics at 90 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................223 
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B.40 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol2. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9of 
model majol2. Globes in the right part of the figure shows plate kinematics at 90 Myr in a Shallow Hotspot 
reference frame. The black line corresponds to the tectonic equator......................................................223 

 
B.41 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model 

majfo89_1. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 3 of model majfo89_1. Globes in the right part of the figure shows plate kinematics at 30 Myr in a 
Deep Hotspot reference frame. The black line corresponds to the tectonic equator................................224 

 
B.42 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model 

majfo89_1. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 6 of model majfo89_1. Globes in the right part of the figure shows plate kinematics at 60 Myr in a 
Deep Hotspot reference frame. The black line corresponds to the tectonic equator................................224 

 
B.43 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model 

majfo89_1. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 9 of model majfo89_1. Globes in the right part of the figure shows plate kinematics at 90 Myr in a 
Deep Hotspot reference frame. The black line corresponds to the tectonic equator................................225 

 
B.44 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model 

majfo89_1. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 11 of model majfo89_1. Globes in the right part of the figure shows plate kinematics at 110 Myr in 
a Deep Hotspot reference frame. The black line corresponds to the tectonic equator.............................225 

 
B.45 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model 

majfo89_2. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 3 of model majfo89_2. Globes in the right part of the figure shows plate kinematics at 30 Myr in a 
Shallow Hotspot reference frame. The black line corresponds to the tectonic equator...........................226 

 
B.46 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model 

majfo89_2. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 6 of model majfo89_2. Globes in the right part of the figure shows plate kinematics at 60 Myr in a 
Shallow Hotspot reference frame. The black line corresponds to the tectonic equator...........................226 

 
B.47 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model 

majfo89_2. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 9 of model majfo89_2. Globes in the right part of the figure shows plate kinematics at 90 Myr in a 
Shallow Hotspot reference frame. The black line corresponds to the tectonic equator...........................227 

 
B.48 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model 

majfo89_2. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 11 of model majfo89_2. Globes in the right part of the figure shows plate kinematics at 110 Myr in 
a Shallow Hotspot reference frame. The black line corresponds to the tectonic equator..........................227 

 
B.49 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) model majol_sa and 

majol_ma. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 3 of models majol_sa and majol_ma. Globes in the right part of the figure shows plate kinematics at 
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30 Myr in reference frames relative to South America (upper panel) and Marianas (lower panel) plates 
fixed. The black line corresponds to the modified tectonic equator with the rotation pole at longitude 
100°E, latitude 65°S.................................................................................................................................228 

 
B.50 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) model majol_sa and 

majol_ma. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 6 of models majol_sa and majol_ma. Globes in the right part of the figure shows plate kinematics at 
60 Myr in reference frames relative to South America (upper panel) and Marianas (lower panel) plates 
fixed. The black line corresponds to the modified tectonic equator with the rotation pole at longitude 
100°E, latitude 65°S.................................................................................................................................228 

 
B.51 Step 9 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) model majol_sa and 

majol_ma. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 9 of models majol_sa and majol_ma. Globes in the right part of the figure shows plate kinematics at 
90 Myr in reference frames relative to South America (upper panel) and Marianas (lower panel) plates 
fixed. The black line corresponds to the modified tectonic equator with the rotation pole at longitude 
100°E, latitude 65°S.................................................................................................................................229 

 
B.52 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) model majol_sa and 

majol_ma. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
step 11 of models majol_sa and majol_ma. Globes in the right part of the figure shows plate kinematics 
at 110 Myr in reference frames relative to South America (upper panel) and Marianas (lower panel) plates 
fixed. The black line corresponds to the modified tectonic equator with the rotation pole at longitude 
100°E, latitude 65°S.................................................................................................................................229 

 
B.53 Step 7 (i.e., 70 Myr) for South American (upper panel) and Pacific (lower panel) model majfo89_sa and 

majfo89_ma. Temperature (colored) and velocity (arrows) data are overlapped for step 7 of models 
majol_sa and majol_ma. Globes in the right part of the figure shows plate kinematics at 70 Myr in 
reference frames relative to South America (upper panel) and Marianas (lower panel) plates fixed. The 
black line corresponds to the modified tectonic equator with the rotation pole at longitude 100°E, latitude 
65°S.........................................................................................................................................................230 

 
B.54 Step 3 (i.e., 30 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 3 of 
model majol3d_1. Globes in the right part of the figure shows plate kinematics at 30 Myr in a Deep 
Hotspot reference frame. The black line corresponds to the tectonic equator.........................................231 

 
B.55 Step 6 (i.e., 60 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 6 of 
model majol3d_1. Globes in the right part of the figure shows plate kinematics at 60 Myr in a Deep 
Hotspot reference frame. The black line corresponds to the tectonic equator.........................................231 

 
B.56 Step 3 (i.e., 90 Myr) for South American (upper panel) and Pacific (lower panel) side of model majol3d_1. 

Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for step 9 of 
model majol3d_1. Globes in the right part of the figure shows plate kinematics at 90 Myr in a Deep 
Hotspot reference frame. The black line corresponds to the tectonic equator.........................................232 

 
B.57 Step 11 (i.e., 110 Myr) for South American (upper panel) and Pacific (lower panel) side of model 

majol3d_1. Temperature (black shadow) and velocity (colored data plus arrows) data are overlapped for 
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step 11 of model majol3d_1. Globes in the right part of the figure shows plate kinematics at 110 Myr in 
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