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Abstract

The mechanisms driving plate motion and the Earth’s geodynamics are still not entirely
clarified. Lithospheric volumes recycled at subduction zones or emerging at rift zones
testify mantle convection. The cooling of the planet and the related density gradients
are invoked to explain mantle convection either driven from the hot interior or from the
cooler outer boundary layer. In this paper we summarize a number of evidence sup-
porting generalized asymmetries along the plate boundaries that point to a polariza-
tion of plate tectonics. W-directed slabs provide two to three times larger volumes
to the mantle with respect to the opposite E- or NE-directed subduction zones.
W-directed slabs are deeper and steeper, usually characterized by down-dip compres-
sion. Moreover, they show a shallow decollement and low elevated accretionary prism,
a steep regional monocline with a deep trench or foredeep, a backarc basin with high
heat flow and positive gravity anomaly. Conversely directed subduction zones show
antithetic signatures and no similar backarc basin. Rift zones also show an asymmetry,
eg, faster Vs in the western lithosphere and a slightly deeper bathymetry with respect
to the eastern flank. These evidences can be linked to the westward drift of the
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lithosphere relative to the underlying mantle and may explain the differences among
subduction and rift zones as a function of their geographic polarity with respect to the
“tectonic equator.” Therefore also mantle convection and plate motion should be polar-
ized. All this supports a general tuning of the Earth’s geodynamics and mantle convec-
tion by astronomical forces.

1. INTRODUCTION

Plate tectonics provides the tectonic framework supporting Wegener’s
hypothesis of continental drift. Objections to the original formulation of
continental drift and plate tectonics have been focused on the driving mech-
anism and on the evidence that light continental lithosphere is subducted in
continent—continent collision areas (Anderson, 2007a; Mueller & Panza,
1986; Panza & Mueller, 1978; Panza, Calcagnile, Scandone, & Mueller,
1982; Panza & Suhadolc, 1990; Pfiftner, Lehner, Heitzmann, Muller, &
Steck, 1997; Schubert et al., 2001; Suhadolc, Panza, & Mueller, 1988).
Therefore, the origin of plate tectonics and the mechanisms governing the
Earth’s geodynamics are still under debate. The most accepted model for
the dynamics of the planet is that tectonic plates are the surface expression
of a convection system driven by the thermal gradient from the hot inner
core (5500—6000 °C) and the surface of the Earth, being the shallowest
about 100 km the upper thermal boundary layer, a <1300 °C internally
not convecting layer called lithosphere. However, during the last decades
it has been shown that:

1. mantle convection driven from below cannot explain the surface kine-
matics (Anderson, 2007);

2. plates do not move randomly as required by a simple Rayleigh—Bénard
convective system, but rather follow a mainstream of motion (Crespi,
Cuftaro, Doglioni, Giannone, & Riguzzi, 2007; Doglioni, 1990);

3. plate boundaries rather show asymmetric characters (Doglioni, Carminati,
Cuffaro, & Scrocca, 2007; Panza, Doglioni, & Levshin, 2010).
Currently accepted engines for plate tectonics do not seem to supply suf-

ficient energy for plate’s motion and do not explain the globally observed

asymmetries that from the Earth surface reach mantle depths. Moreover,
convection models are generally computed as deforming a compositionally
homogeneous mantle, whereas the Earth is chemically stratified and laterally
highly heterogeneous (e.g., Anderson, 2006). Based on these assumptions, it
is here reviewed an alternative model of plate tectonics, in which the internal
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heat still maintains possible mantle convection, but mostly dominated from
above (Anderson, 2001). The lithosphere is active in the process, likely
sheared by astronomically forces. Moreover, in a not chemically homoge-
neous mantle, tomographic images are not indication of cold and hot vol-
umes but also of chemical heterogeneity (Anderson, 2006; Foulger et al.,
2013; Tackley, 2000; Thybo, 2006; Trampert, Deschamps, Resovsky, &
Yuen, 2004). The Earth is subject to the secular cooling of a heterogeneous
and stratified mantle, and to astronomical tuning. The combination of these
two parameters is here inferred as the main controlling factor of plate tectonics.
The planet is still hot enough to maintain at about 100 km depth the top ofa
layer where partial melting determines a low-velocity and low-viscosity layer
at the top of the asthenosphere, allowing partial decoupling of the lithosphere
with respect to the underlying mantle (Figure 1). The Earth’s rotation and the
tidal despinning generate a torque acting on the lithosphere, and producing a
net westerly directed rotation of the lithosphere with respect to the under-
lying mantle, being this rotation decoupled in the low-velocity astheno-
spheric layer (LVZ) where some melting occurs (Figure 2).

Melting is testified by petrological models, slowing down seismic
waves and magnetotelluric data both beneath oceans and continents (e.g.,
Crépisson et al., 2014; Naif, Key, Constable, & Evans, 2013; Panza, 1980
and references therein) favored by the presence of water (Figure 3), the super-
adiabatic condition of the LVZ (low-velocity zone) (Anderson, 2013) due to
the thermal buffer of the overlying LID (lithospheric mantle) and shear heat-
ing. The overlying lithosphere acts as an insulator for the heat dissipated by
the underlying mantle due to the pristine heat from the Earth’s early stage
of magma ocean, plus the heat delivered by radiogenic decay from the inter-
nal mantle itself (Hofmeister & Criss, 2005; Lay, Hernlund, & Buftet, 2008;
Rybach, 1976). Moreover, in the LVZ has been inferred the presence of a
large amount of H,O delivered by the pargasite mineral when located at pres-
sure >3 GPa, >100 km (Green, Hibberson, Kovacs, & Rosenthal, 2010) as in
Figure 3. The asthenosphere is in superadiabatic condition, having a potential
temperature (Tp) possibly higher than that of the underlying mantle, which
has been inferred to be subadiabatic and less convecting (Anderson, 2013).

The viscosity of the asthenosphere is generally inferred by inverting uplift
rates of postglacial rebound or glacial isostatic adjustment (GIA) e.g., Kornig
& Muller (1989). However, the viscosity is the resistance to flow under a
shear and postglacial rebound has two limitations: (1) it computes the vertical
movements in the mantle and (2) thin layers such as the LVZ may be invisible
by the GIA (for a discussion, see Doglioni, Ismail-Zadeh, Panza, & Riguzzi,
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Figure 1 Main nomenclature and parameters used to describe the uppermost 450 km of the Earth, after Doglioni and Anderson (2015). Data
after Jin et al. (1994), Pollitz et al. (1998), Anderson (1989, 2007a, 2013), Doglioni et al. (2011), Tumanian et al. (2012) and references therein. The
gray bands are a gross representation of the uncertainties involved. M, Moho. The lithosphere and the seismic lid (LL) are underlain by
aligned melt accumulations (AMA), a low-velocity anisotropic layer (LVZ) that extends from the Gutenberg (G) to the Lehmann (L) discon-
tinuity. Their combination forms LLAMA. The amount of melt in the global LVZ is too small to explain seismic waves speeds and anisotropy
unless the temperature is ~200 °C in excess of mid-ocean ridge basalt (MORB) temperatures, about the same excess required to explain
Hawaiian tholeiites (Hirschmann, 2010) and oceanic heat flow. This suggests that within-plate volcanoes sample ambient (local) boundary
layer mantle. The lowest wave speeds and the highest temperature magmas are associated with the well-known thermal overshoot. The
most likely place to find magmas hotter than MORB is at this depth under mature plates, rather than in the subadiabatic interior. Most
of the delay and lateral variability of teleseismic travel times occur in the upper 220 km.
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Figure 2 In the upper asthenosphere or lower lithosphere and the seismic lid with
aligned melt accumulations, the geotherm is above the temperature of mantle solidus,
and small pockets of melt can cause a strong decrease of the viscosity. In the low-
velocity zone (LVZ) of the asthenosphere the viscosity can be much lower than the
present-day estimates of the asthenosphere viscosity based on the postglacial
rebound; in fact the viscosity under shear can be several orders of magnitude lower
than the viscosity under vertical load, computed averaging the whole asthenosphere.
The LVZ of the asthenosphere can be the basic decoupling zone for plate tectonics,
where the lithosphere moves relative to the underlying mantle. Tidal waves are too
small to generate plate tectonics. However, being swung horizontally by the solid
tide of say 150 mm/semidiurnal, under a permanent torque the lithosphere may retain
a small but permanent shift (e.g., 0.1 mm/semidiurnal). At the end of the year this slow
restless motion amounts to a cumulative effect of several centimeters, which is consis-
tent with the observed plate motion and thus could be what we consider the net rota-
tion of the lithosphere. After Riguzzi et al. (2010).

2011; Scoppola, Boccaletti, Bevis, Carminati, & Doglioni, 2006). The LVZ is
a layer in which the viscosity can be extremely lowered (Dingwell et al.,
2004; Hirth & Kohlstedt, 1995; 2003; Mei, Bai, Hiraga, & Kohlstedt,
2002) and far lower than GIA estimates, when computed under horizontal
shear (Hansen et al., 2012; Riguzzi et al., 2010; Scoppola et al., 2006). It
could reach values as low as 10'* Pa s (Jin, Green, & Zhou, 1994). Therefore,

the LVZ represents the basal fundamental decollement of plate tectonics and
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Figure 3 The two panels to the left (a,b), slightly modified after Green et al. (2010),
show that, in a lherzolite, the pargasite releases water beneath the lithosphere due
to the high-ambient pressure. This may contribute to the lowering of the viscosity in
the low-velocity zone (LVZ) and to allow for decoupling between the lithosphere
and the underlying mantle. The section to the right shows the shear waves velocity
(Vs) in oceanic environment (after Panza et al., 2010) and it supports the mineralogical
stratigraphy suggested in the panels (a,b). LLAMA, lithosphere and the seismic lid with
aligned melt accumulations.

it is well expressed worldwide (Rychert & Shearer, 2009) by the slowdown
of seismic waves (Figure 4). The westerly polarization of the lithosphere
motion relative to the underlying mantle controls a diffuse asymmetry along
plate boundaries, which are shaped by the “eastward” relative mantle flow
with respect to the overlying lithosphere. Velocity gradients are the by-
product of the lateral viscosity variations in the low-velocity layer, i.e., the
decollement plane. The lower the viscosity, the faster westward motion of
the overlying lithosphere (e.g., the Pacific plate). Low viscosity in the LVZ
can be generated both by higher than standard ambient temperature
(Figure 5) and the presence of fluids (Figure 3). Velocity gradients among
plates determine tectonics at plate margins and related seismicity (Doglion,
19932). The horizontal component of the solid Earth’s tide pushes plates
to the “west.” When faults reach the critical state, the vertical component
of tides may trigger the earthquake due to variations of ¢. The same variation
acts in opposite directions as a function of the fault type (Riguzzi, Panza,
Varga, & Doglioni, 2010): it can determine the increase or decrease of ol
(maximum principal compressive stress) in extensional environments, or of
63 (minimum principal compressive stress) in compressional tectonic settings.

The origin and source depth of the so-called mantle plumes (Foulger &
Jurdy, 2007; Foulger, Natland, Presnall, & Anderson, 2005; Green, 2003) is
of paramount importance for the kinematics of the lithosphere relative to
the mantle (Cuffaro & Doglioni, 2007; Shaw & Jackson, 1973). The intraplate
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Figure 4 Earth slices at 60, 140, and 240 km depth of shear waves velocity (Vs). (Data
from CUB2, courtesy of Anatoli Levshin (pers. comm.).) The 60 km depth evidences the
distribution of the lithospheric high-velocity LID (blue (dark gray in print versions)
areas); the 140 km depth shows the widespread distribution of the low-velocity zone
(LVZ) that allows for the decoupling of the overlying lithosphere from the underlying
mantle. The decoupling deepens beneath continental areas, locally persisting in the
underlying 240 km depth slice, where Vs speed generally increases beneath the
decoupling.
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Figure 5 Thermal state of the lithosphere in a subduction—backarc system, across the
Tyrrhenian Sea—Apennines. (After Tumanian et al, 2012). The extreme vertical and
lateral variability of temperatures indicates the strong heterogeneity of the mantle in
terms of composition and physical state. The high temperature (>1400—1500 °C)
beneath 200 km of depth is consistent with a superadiabatic condition of the upper
mantle. Isolines indicate the inferred melt fraction distribution based on chemical prox-
ies of the backarc magmatism.

volcanic tracks such as the Hawaii best represent the motion of the lithosphere
relative to the mantle (Figure 6). The source depth of the volcanism, within or
below the decoupling surface, controls the kinematic models of fast or slow
decoupling of the lithosphere. However, it has been shown that the Hawaii
volcanic track is sourced from the shallow asthenosphere or LVZ (Anderson,
2000; 2011; Presnall & Gudfinnsson, 2011; Rychert, Laske, Harmon, &
Shearer, 2013). In the following we synthetize the data and models pointing
to a geodynamic polarized system, which can be the direct expression of the
combination of the internal Earth’s dynamics with the astronomical tuning.

1.1 Mantle Stratigraphy

Following Gutenberg (1959), the upper mantle region above ~ 220 km of
depth is called “region B” or upper boundary layer (Anderson, 2013). At
220 km of depth, PREM model (Dziewonski & Anderson, 1981) defines
a prominent discontinuity in seismic velocity. Region B contains the litho-
sphere (sensu lato) and the seismologically defined LID plus the LVZ.
Although they are very different concepts, many authors (following
McKenzie and Bickle, 1988) often equate LID, lithosphere, and thermal
boundary layer (Anderson, 2007a). The lithosphere is the strong layer, for
geological loads, and as measured from flexural studies is about half the
thickness of the LID. Originally a rheological concept, the lithospheric
mantle or LID assumed various connotations in petrology, including
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Figure 6 The main volcanic chains at the Earth’s surface may have different origins and
depths. The thin black arrows indicate the direction of migration of volcanism with
time. Filled yellow triangles represent the youngest volcanic products. Yellow circles
are the inferred magma sources. Volcanic trails originating on ridges may be wet spots
(sensu Bonatti, 1990) fed from a fluid-rich asthenosphere. The hot spots located on
plate boundaries are not fixed by definition, because both ridges and trenches move
relative to each another and with respect to the mantle. Pacific hot spots, regardless
of their source depth, are located within the plate and are virtually the only ones
that can be considered reliable as a hot spot reference frame, although their source
depth is still debated (asthenospheric or deeper mantle). Intraplate hot spots such as
the Hawaii may be related to shear heating in the decoupling LVZ at the asthenosphere
top (Doglioni et al., 2005). CMB, core—mantle boundary; IAB, island arc basalt; MORB;
mid-ocean ridge basalt; OIB, ocean island basalt; open triangles, extinct volcanoes.
Modified after Cuffaro and Doglioni (2007).

implications about isotope composition, temperature gradient, melting
point, seismic velocity, and thermal conductivity (Anderson, 2011). Accord-
ing to Schuberth, Bunge, Steinle-Neumann, Moder, and Oeser (2009)
modeling, the asthenosphere should be homogeneous and isothermal. As
the lithosphere, the asthenosphere has been petrologically defined through
major element, trace elements, and isotope composition. Seismology
resolves reliably the velocity gradient between LID and LVZ. The LID
and the LVZ are different from the lithosphere and asthenosphere concepts,
respectively, although the LID-LVZ interface (i.e., the region of sharp drop
of seismic velocity) is often called lithosphere—asthenosphere boundary
(LAB), even if LVZ (Vp between 7.9 and 8.6 km/s; Vg between 4.0 and
4.4 km/s; density between 3.3 and 3.5 g/cm’) may of course overlap
with the top of the asthenosphere, but, in general, is neither homogeneous
nor isothermal. Nevertheless the term lithosphere is sometimes used in
literature referring to seismic LID, which is a layer with high seismic
velocity (as a rule, Vg > 4.35 km/s, Vp > 7.5 km/s, density > 3.0 g/cmS)
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thermal boundary layer that comprises both crustal material and refractory
peridotite.

The soft mantle LID is a portion of the lower lithospheric mantle material
with anomalous behavior and low seismicity; this material is partially molten,
with low V. The presence of this layer (Vp between 6.9 km/s and 8.2 km/s,
Vs < 4.35 km/s; density between 3.0 g/cm” and 3.3 g/cm’) is not limited
nor directly bound to subduction areas. The mantle wedge (metasomatized
LID) is the portion of mantle material found between a subducting slab and
the overriding lithosphere where plastic deformation and magmatism occur
(Abers, 2005; Abers et al., 2006; Koper, Wiens, Dorman, Hildebrand, &
Webb, 1999; Syracuse & Abers, 2006); outside of this geodynamic setting,
mantle material with similar physical behavior has been simply described
as “soft mantle”. In this region, according to Van Keken (2003), hydrother-
mal uprising flow causes partial melting of subducting slab material due to
dehydration. The mantle wedges usually show a low-quality factor (Q) of
seismic waves. The melts derived from the subducted crustal materials
fertilize the overlying lithospheric mantle (i.e., metasomatized LID), as
documented, for instance, by mantle xenoliths in the Mesozoic basalts of
Himalaya (Chen et al., 2004; Ying, Zhang, Kita, Morishita, & Shimoda,
2006; Zhang & Sun, 2002). The term “lithospheric roots” is widely used
in literature and should be intended as a structural term without specific im-
plications on geochemical composition and thermal gradient.

) 2. TECTONIC EQUATOR AND WESTWARD DRIFT OF
THE LITHOSPHERE

The analysis of past and present motion of plates points to a
nonrandom distribution, but to their rather coherent flow (Figure 7).
Wegener (1915) and Rittmann (1942) also noted a relevant westward
component of plate motion. Past motion can be reconstructed based on
magnetic anomalies in the oceanic crust and paleodirection of shortening
in the orogens associated to subduction zones. Present motions can be
described by the space geodesy data which are anchored to the International
Terrestrial Reference Frame (e.g., Altamimi, Collilieux, Legrand, Garayt, &
Boucher, 2007; Drewes & Meisel, 2003), i.e., the GPS, VLBI (very long
baseline interferometry), and SLR (satellite laser ranging). Past movements
coincide with present-day directions of motion (Argus, Gordon, & DeMets,
2011; DeMets, Gordon, & Argus, 2010; Liu, Yang, Stein, Zhu, & Engeln,
2000; Sella, Dixon, & Mao, 2002). The present-day movements are relative
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Figure 7 Thedirection of plate motions across the six major plate boundaries of the Earth
(1, Indian ridge; 2, Alpine—Himalayan—Indonesia subduction zones; 3, Western Pacific
subduction zone; 4, East Pacific Rise; 5, Andean subduction zone; 6, Mid-Atlantic ridge)
show that lithospheric plates moved along a great-circle mainstream which can be sche-
matically represented by the “tectonic equator.” This flow appears persistent both in the
geologic past (left) and in the present-day motion, as described by the GPS Nasa database
(right, Heflin et al., 2007). The color scale in the left panel gives the ocean floor age.

to the hypothetic center of mass of the Earth, assuming that the sum of all
vectors equals zero. This is the so-called no-net-rotation (NNR) reference
frame. 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 (1) East Pacific Rise (EPR), (2) the Atlantic rift, (3) the Red Sea,
the Indian Ocean ridge for the rift zones, and (4) the west Pacific subduc-
tion, (5) the Andean subduction (AS), and (6) the Zagros—Himalayas sub-
duction for convergent margins (after Crespi et al,, 2007) it results a
coherent flow of plates. The mainstream of the lithosphere can be repre-
sented synthetically by the great circle defined as the “tectonic equator”
(Doglioni, 1993a; Crespi et al., 2007). However, as indicated, for example,
by the Hawaii volcanic track, plates move not only one relative to the other,
but also relative to the mantle. Plates are decoupled at a depth that varies
between 60 and 200 km (on average 100 km), in the LVZ, where seismic
waves slow down because of the presence of some percentage of melt in
the mantle peridotites (Anderson, 2011; Green et al., 2010; Hirschmann,
2010; Schmerr, 2012). This layer is at the base of the lithosphere and at
the top of the asthenosphere. It is the basic decollement for plate tectonics.
The shearing at the LVZ can explain the anisotropy of seismic waves
(Marone & Romanowicz, 2007) that in general travel faster along the trend
of motion of plates (Figure 8). This could be explained by the axis of crystals,
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Figure 8 Gross representation of azimuthal anisotropy at 150 km depth according to
Yuan and Beghei (2013). The red (gray in print versions) bars represent the fast direction
of propagation for vertically polarized shear waves and their length is proportional to
the amplitude of the anisotropy. On account of the large averaging volumes involved in
anisotropy measurements, the gross agreement between the shape of the tectonic
equator (TE) and the overall direction of azimuthal anisotropy can be interpreted as
the result of the trend of lattice-preferred orientation of crystals within the decoupling
layer (low-velocity zone, LVZ) plus the structural anisotropy due to the tilted, laminated
structure of lithosphere and the seismic lid with aligned melt accumulations, generated
by the shear of the plate that moves “westward,” relative to the underlying mantle,
along the TE. After Doglioni and Anderson (2015).

which are elongated along the direction of decoupling between lithosphere
and underlying mantle.

The so-called hot spots are usually used as a reference frame for plate kine-
matics. However, they may generate a misleading reference to measure plate
motion relative to the mantle because they are not fixed and they may partly
originate in the lower lithosphere or the asthenosphere (Anderson, 1999;
Anderson, 2011; Doglioni, Green, & Mongelli, 2005; Harpp, Wirth, &
Korich, 2002; Panza, Raykova, Carminati, & Doglioni, 2007; Smith &
Lewis, 1999). On the other hand, intraplate migrating hot spots, which are
unrelated to rifts or plate margins in general, regardless of their origin in
the mantle column, they do indicate relative motion between the lithosphere
and the underlying mantle in which the hot spot source is located. Therefore,
those independent volcanic trails may represent a reliable reference frame.
The Pacific plate hot spots are sufficiently fixed relative to one another to
represent an independent reference frame to compute plate motions. How-
ever, the interpretation of the LVZ (shallow hot spot reference frame) rather
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than the deep lower mantle (deep hot spot reference frame) as the source for
intraplate Pacific hot spots has several implications. If the source of the intra-
plate Pacific magmatism is in the LVZ (the decoupling layer), the decoupling
between the lithosphere and the subasthenospheric mantle is greater than that
recorded by hot spot volcanic tracks (>100 mm/year) due to undetectable
shear (Anderson, 2007a,b; Boschi et al., 2007; Boyadzhiev, Brandmayr, Pinat,
& Panza, 2008; Panza, Peccerillo, Aoudia, & Farina, 2007; Romanowicz,
2003; Waldhauser, Lippitsch, Kissling, & Ansorge, 2002) in the lower
asthenosphere below the magmatic source. The shallower the source, the
larger the décollement is. Usually, the computation of the westward drift is
linked to the Pacific plate and assumes that the deep lower mantle, below
the decoupling zone, is the source for the hot spots above (Gripp & Gordon,
2002; Jurdy, 1990; Ricard, Doglioni, & Sabadini, 1991). The Pacific plate is
the fastest plate in all hot spot reference frames and it dominates the net rota-
tion of the lithosphere. Therefore, as it seems quite natural, if the decoupling
with respect to the subasthenospheric mantle is larger than usually assumed,
the global westward drift of the lithosphere must be faster than the estimates
made so far, and may vary between 50 and 90 mm/year. In this case, all plates,
albeit moving at different velocities, move westward relative to the subasthe-
nospheric mantle. Finally, a relatively faster decoupling can generate more
shear heating in the asthenosphere (even >100 °C) and contribute to supply
intraplate magmatism (Doglioni et al., 2005). If the viscosity of the astheno-
sphere is locally higher than normal, this amount of heating, in an undepleted
mantle, could trigger the scattered observed intraplate Pacific volcanism. Var-
iations in depth and geometry in the asthenosphere of these regions of higher
viscosity could account for the irregular migration and velocities of surface
volcanic tracks. This type of volcanic chain has different kinematic and
magmatic origins with respect to the Atlantic hot spots or wet spots (Bonatti,
1990), which migrate with or close to the oceanic spreading center and are
therefore related to the plate margin. Plume tracks at the Earth’s surface prob-
ably have various origins (Foulger et al., 2005), such as wet spots, simple rifts,
and shear heating (Doglioni et al., 2005).

Since plate boundaries move relative to each other and relative to the
mantle, plumes located on or close to them cannot be considered useful
for the definition of a reliable reference frame. The so-called hot spots
located on or close to ridges have ages coincident or close to that of the
oceanic crust on which they lay. Oceanic intraplate volcanic trails are rather
independent and usually have a much younger age with respect to the
underlying oceanic crust (e.g., Pacific ones). The preferred location of hot
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spots in a shearing asthenosphere would seem to discount the existence of
hot spot reference frames that include both intraplate and ridge-centered
hot spots. A hot spot reference that considers only Pacific hot spots seems
to be preferable due to their relative inertia and because those volcanic trails
are independent from plate boundaries. In both hot spot reference frames
(deep and shallow), the Pacific plate is the fastest moving plate on Earth,
and it contains the most diffuse intraplate magmatism, regardless of its mar-
gins. Fastest velocity implies largest potential shear heating at its base.
Considering the intraplate Pacific hot spots, the plate motions with respect
to the mantle in two different reference frames, one fed from below the
asthenosphere (deep reference), and one fed by the asthenosphere itself
(shallow reference), provide different kinematics and stimulate opposite
dynamic speculations. Plates move faster relative to the mantle if the source
of hot spots is taken to be the middle-upper asthenosphere (shallow-fed hot
spots), because the hot spot tracks would then not record the entire decou-
pling occurring in the LVZ. The shallow intra-asthenosphere origin for the
hot spots would raise the Pacific velocity from a value of ~ 10 cm/year (esti-
mated from deep reference) to a faster hypothetical velocity of ~20 cm/
year. In this setting, the net rotation of the lithosphere relative to the meso-
sphere would increase from a value of about 0.4°/Ma (deep-fed hot spots,
Gripp & Gordon, 2002) to about 1.5°/Ma (shallow-fed hot spots, Crespi
et al., 2007; Cuffaro & Doglioni, 2007). In this framework, all plates
move westward along a sinusoidal stream and plate rotation poles are mostly
located in a restricted area at a mean latitude of 58°S. The shallow hot spot
reference frame seems quite consistent with the persistent geological asym-
metry (e.g., Panza et al., 2010) that suggests a global tuning of plate motions
due to Earth’s rotation.

Therefore, regardless the reference frame, when measuring plate mo-
tions relative to the mantle, or even relative to Antarctica, it always turns
out that plates have a mean “westerly” directed component, that is also
defined net rotation or westward drift of the lithosphere (Bostrom, 1971;
Le Pichon, 1968); the resulting velocity of this rotation depends on the
used reference. If the source of the magmatism describing linear features
at the Earth’s surface that allow to compute the relative motion of the lith-
osphere relative to the mantle are located below the decoupling layer, then
the net rotation amounts to 0.2°—0.4°Ma (Conrad & Behn, 2010; Gripp &
Gordon, 2002; Torsvik, Steinberger, Gurnis, & Gaina, 2010). In this refer-
ence frame the net rotation is only an average motion; since the Pacific plate
is kinematically dominant and determines the residual western component
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average net rotation = 0.2°/My

polarized westward drift = >1°/My

Figure 9 The sum of the plate vectors computed in the hot spots reference frames has
a westerly directed component, i.e., the so-called net rotation. If the source of the hot
spots is deep (e.g., at the core—mantle boundary), the net rotation amounts to only
0.2°—0.4°/Ma. In case the source of volcanic trails is rather sourced from within the
low-velocity zone, the net rotation becomes a fully polarized westward drift of the lith-
osphere, summing to >1°/Ma. This second kinematic setting better fits the global tec-
tonic asymmetric signatures.

(panel 1 in Figure 9), some plates (e.g., Nazca) still move E-ward relative to
the mantle. However, volcanoes may be sourced from within the decou-
pling LVZ layer. Therefore, part of the decoupling recorded by the volca-
nic tracks may be lost. Since increasing petrologic and geophysical evidence
support a shallow intra-asthenospheric origin of volcanic plumes
(e.g., Anderson, 2011; Bonatti, 1990; Foulger et al., 2005; Presnall &
Gudfinnsson, 2011), the net rotation of the lithosphere can be as fast as
>1°Ma (Crespi et al., 2007; Cuffaro & Doglioni, 2007). In this plate
motions reconstruction, all plates move “westerly” along an undulate
flow (panel 2 in Figure 9) and the fastest plates are those having at their
base an LVZ with lowest viscosity (e.g., the Pacific plate, Pollitz,
Burgmann, & Romanowicz, 1998). Regardless the lithosphere has a net
rotation or a fully developed westward drift, plate motions are polarized
toward the west, and the equator of this differential rotation closely overlaps
the shape of the tectonic equator (TE) of Figure 7. The two extreme values
of the rotation point to quite different plate motion relative to the mantle,
i.e., a slow net rotation with some plates moving E-ward, or a complete
W-ward drift in which all plates, albeit at different velocities, move
W-ward (Figure 10). Since evidence in favor of shallow sources for the vol-
canic trails are growing, we favor the faster westerly oriented decoupling
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Figure 10 The Hawaiian volcanic track indicates that there is decoupling between the
magma source and the lithosphere, which is moving relatively toward the WNW. (a) If
the source is below the asthenosphere (e.g., in the subasthenospheric mantle), the
track records the entire shear between lithosphere and mantle. (b) In the case of an
asthenospheric source for the Hawaiian hot spot, the volcanic track does not record
the entire shear between the lithosphere and subasthenospheric mantle, because
part of it operates below the source (deep, missing shear). Moreover, the larger decou-
pling implies larger shear heating, which could be responsible for scattering the point
like Pacific intraplate magmatism, after Doglioni et al. (2005). Petrological and seismo-
logical data support a shallow source for the Hawaii volcanic trail (Anderson, 2011; Pre-
snall & Gudfinnsson, 2011; Rychert et al.,, 2013). After Cuffaro and Doglioni (2007). VO,
velocity observed at the surface; VL, velocity of the lithosphere; VM, velocity of the sub-
asthenospheric mantle; Vx, unrecorded velocity of the asthenosphere being below the
magmatic source; VA, velocity of the asthenosphere.

(Crespi et al., 2007). In case the depth is located at variable depths within
the decoupling surface, plate motions relative to the mantle are character-
ized by different values and amount of westward drift. Therefore, plate
kinematics is constrained by the different interpretation that is given to
the origin and depth of the hot spots (Figure 11). The shallow hot spot
reference frame gives a net rotation with an equator that closely overlaps
the TE reinforcing its interpretation (Figure 12).
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Figure 11 Plate kinematics computed assuming a hot spot reference frame “anchored”
in the asthenosphere, i.e., within the decoupling zone. The faster decoupling and “west-
ward” drift of the lithosphere (>1°Ma) occurs if the volcanic tracks are fed from a depth
of about 150 km, (a), within the LVZ since the surficial age-progressive volcanic track
does not record the entire decoupling between the lithosphere and the mantle
beneath the LVZ. Computations made considering the two other deeper depths of
magmatic sources at 200 and 225 km, (b) and (c), would provide a slower westward
drift. An even deeper source (2800 km) would make the net rotation very slow, about
0.2—0.4°Ma. Note the clustering of the poles of rotation (open circles) in the southern
Indian Ocean. The clustering increases as the source of the volcanic trails shallows.
Slightly modified after Doglioni et al. (2014).

Moving along the flow lines of such polarized mainstream, plate velocity
is inversely proportional to the viscosity of the LVZ. The lower the viscosity,
the higher the velocity (e.g., the Pacific plate), or vice versa the higher the
viscosity, the lower the velocity of the plate (Figure 13). The TE appears
stable through time (at least 100 Ma) and makes an angle of about 30° rela-
tive to the geographic equator (Figure 14). The angle of the ecliptic plane
plus the angle of the Moon’s revolution sum to a very close value.
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Figure 12 Model of plate motions relative to the mantle assuming an intra-asthenospheric
source of volcanic trails. (After Cuffaro & Doglioni, 2007) The lithosphere has a net rotation
toward the “west”; the equator of this rotation closely overlaps the tectonic equator.
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Figure 13 Plates move in a westerly direction at a speed controlled by the viscosity in
the underlying LVZ. The westward velocity of the lithosphere increases with decreasing
viscosity in the LVZ. Gradients in viscosity lead to the generation of the different plates
and to their differential velocity, i.e., plate tectonics. When a lower viscosity LVZ is located
beneath a plate to the west with respect to a plate to the east, the plate boundary
experiences extension. Contraction occurs in the opposite setting. (After Doglioni, 1993a).
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Figure 14 North pole view of the Earth illustrating the position of the tectonic equator
relative to the geographic one. Geological map after Dilek and Furnes (2011).
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Moreover, plates move faster at low latitudes, as recorded by kinematic data,
and by seismicity, which decreases toward the polar areas (Riguzzi et al.,
2010; Varga et al., 2012). Therefore, the shape of the TE (great circle)
and angle relative to the geographic equator suggest an astronomical tuning
of plate motions. The TE is a line that represents the circle of maximum
average speed of plates. It may be interpreted as a circle contained in a plane
perpendicular to the vertical axis of the cone described by the precession of
the Earth’s axis (Figure 15). In fact, the Maxwell time (the time requested for
a solid material to flow) of the lithosphere has the same order of magnitude
of the precession cycles (20—26 kyr), as illustrated in Figure 15. During their
journey, some plates may experience a further internal rotation. Since any
motion of a plate on a sphere is defined by a rotation, this extra movement
has been defined as plate subrotation (Cuffaro, Caputo, & Doglioni, 2008),
which may perturb the first mainstream of plates. Subrotations imply that
plates have a first-order pole of rotation, plus a second pole of the
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Figure 15 The tectonic equator describes the line along which the mean faster surface
motion of the lithospheric plates takes place. The tectonic equator forms an angle of
about 28°—30°, which is inferred as the sum of the angle of the ecliptic plane (23°)
with the angle of the Moon'’s revolution plane (5°), with respect to the geographic
equator. The location of the tectonic equator is inferred as the mean direction of the
Earth’s precession axis. The Maxwell relaxation time of the lithosphere (viscosity/rigidity
ratio, ~10% Pa s/~10'"Pa = ~10'? 5) is of the same order of magnitude of the 26 ka
precession (~8.2 x 10" s). This could explain the stability of the tectonic equator dur-
ing the geologic past. After Doglioni, 2014.

subrotation that is the only point of the plate maintaining the same distance
with respect to the first pole (Figure 16).

As a consequence, global flow lines drawn along the axes of Cenozoic
(65.5—0 Ma ago) stretching and shortening show a smooth and gradual vari-
ation. The flow lines may approximate the path of the eastward mainstream
mantle flow relative to the overlying lithosphere, the long-wavelength
undulation being possibly due to the inclination and instability of the Earth’s
rotation axis. The westward delay of the lithosphere with respect to the
mantle (see also Panza et al., 2010) could be due to a minor angular velocity
of the lithosphere relative to the underlying mantle, as a result of the decel-
eration of the Earth’s rotation or, in a toroidal field, due to lateral heteroge-
neities within the lithosphere and the underlying upper mantle (Panza &
Romanelli, 2014; Tumanian et al., 2012). Variations in the upper-mantle
LVZ (e.g., Panza et al., 2010) allow for variable decoupling between litho-
sphere and asthenosphere and plate tectonic process may be driven by
differential plate velocities. When there is compression or transpression,
the eastern plate is moving faster westward, while if there is stretching or
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Figure 16 During their westerly directed journey, plates may experience some further
rotation. This so-called subrotation deviates the mainstream of plate motion from the
trend of the tectonic equator and may masque its presence. (a) One-rotation motion: at
three different instants a plate rotates about the rotation pole, and one generic point
follows a circular trace (black and red lines). (b) Two-rotation motion with w1 < w2: a
generic point is constrained to move on a cycloid trajectory similar to the trace of the
Moon around the Sun blue line. (c) Two-rotation motion with w1 = w2: a plate point
moves on a circular trajectory, but it is not a small circle of the rotation pole. (d)
When w1 ~ w2, a point of a plate follows a cycloid trajectory very similar to a circular
one. In all cases, the subrotation pole is the only point that moves on a small circle
centered on the main rotation pole of the plate. Several plates experienced subrota-
tions with different angular velocity (e.g., counterclockwise (CCW): North America,
Iberia, Arabia, India; clockwise (CW): South America, Antarctica. Apparently CCW subro-
tations occur in the northern hemisphere, and CW in the southern one). Subrotations
may generate triple junctions. After Cuffaro et al. (2008).
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transtension, the western plate moves faster westward. Relative plate motions
are allowed by horizontal and vertical viscosity and density gradients both in
the lithosphere and the underlying mantle (e.g., Forte & Peltier, 1987).
Tectonics and plate rotations of first order are localized along the global
flow lines while those of second order are induced by localized body forces,
therefore tectonic structures of the first order form perpendicular or with a
great angle with respect to the mantle low, while, for example, local rota-
tions of plates may generate tectonic structures of the second order (e.g., the
CCW rotation of Iberia generating both the Biscay Bay and the Pyrenees).
Lithospheric subduction into the mantle, particularly W-directed subduc-
tion, strongly enhances the coupling between the lithospheric plate and the
underlying eastward mantle flow. Hence, subduction zones act as “nails” into
the mantle and they strongly modify the relative plate velocities. The E- (or
NE-) directed subduction zones have shallower dip than W- (or SW-)
directed subductions and provide a much lower obstacle than the latter to
the mantle flow, whose existence is naturally consistent with
the ubiquitous asthenospheric LVZ (global circuit) detected below the
TE-perturbed (TE-pert) (Panza et al., 2010), where no relevant obstacle is
present against the global relative E-ward mantle flow. The concept of tec-
tonic mainstream defined on the basis of geological evidence is consistent
with space geodesy data, which supply a new unified way to describe plate
motions with respect to the underlying mantle (Crespi et al., 2007). A para-
metric function in the form of a third-order Fourier series has been used to
define the tectonic mainstream, based on the estimation of plate kinematics
consistent both with velocities from space geodesy and geological evidence
used as constraints. Three possible solutions under different hypotheses about
the depth of the Pacific hot spot source, the velocity of the Pacific plate
increasing with decreasing depth of the asthenospheric source, are confirm-
ing (1) the tectonic mainstream and (2) the net rotation of the lithosphere.
The shear-wave splitting technique (e.g., Savage, 1999) is an independent
tool for detecting the asthenosphere seismic anisotropy, which is considered
the result of the preferential orientation of olivine crystals in a sheared flow-
ing mantle (Conder & Wiens, 2006; Silver & Holt, 2002). The direction of
the anisotropy between lithosphere and underlying mantle (e.g., Barklage,
Wiens, Nyblad, & Anandakrishnan, 2009; Debayle, Kennett, & Priestley,
2005; Fischer, Fouch, Wiens, & Boettcher, 1998; Montagner, 2002) aligns
quite consistently with the absolute plate motions reconstructions, apart
along subduction zones or other anomalous upper mantle portions. The
level at which radial anisotropy is low, e.g., <1%, due to the presence of
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a relevant fraction of melt that inhibits the formation of preferential orien-
tations in the texture of mantle rocks may be used to conventionally repre-
sent the decoupling level between the lithosphere and the underlying
asthenospheric low-velocity layer (Panza et al., 2010).

A decoupling at the lithosphere base has been postulated in order to
satisfy the geoid anomaly across transform zones by Craig and McKenzie
(1986) who considered the existence of a thin low-viscosity layer beneath
the lithosphere in their two-dimensional numerical models of convection
in a fluid layer overlain by a solid conducting LID. Water content in the
asthenosphere can drastically lower its viscosity to 10" Pass (Asimow &
Langmuir, 2003; Grove, Chatterjee, Parman, & Médard, 2006; Karato,
Jung, Katayama, & Skemer, 2008; Korenaga & Karato, 2008). Moreover,
the viscosity in the asthenospheric LVZ can be orders of magnitude lower
when measured under horizontal shear with respect to the wviscosity
computed by vertical unloading due to postglacial rebound (Scoppola
et al., 2000). Jin et al. (1994) have shown how the intracrystalline melt in
the asthenospheric peridotites under shear can generate a viscosity of about
10'? Pa-s (Stevenson, 1994), a value compatible with the plate tectonics
driven by the Earth’s rotation (Scoppola et al., 2006). From literature (Jin
et al., 1994; O’Driscoll et al., 2009; Pollitz et al. 1998) a contrast up to
10—15 orders of magnitude can be expected, which is well consistent
with the decoupling, within the asthenosphere, between the lithosphere
and the underlying mantle (Doglioni et al., 2011).

The presence of an ultralow-viscosity layer in the upper asthenosphere is
thus a possibility consistent with the present-day available techniques of
mantle sampling and laboratory experiment. Therefore, even if the occur-
rence of a westerly polarized lithosphere motion cannot be considered
anymore a controversial phenomenon (Gripp & Gordon, 2002; Ricard
et al., 1991, and reference therein), its origin may be due to different com-
bined effects hard to single out. A mean lithospheric rotation (i.e., some
plates like Nazca would still move eastward) could be preferred to a global
phenomenon (e.g., Ricard et al. 1991) since the former preserves the angular
momentum of the Earth without rapidly decelerating its rotation. However,
Scoppola et al. (2006) have shown that a global lithospheric rotation is phys-
ically feasible, although with variable velocities of the difterent plates.

According to this model, plate tectonics would occur with the concurring
contributions of the planet rotation under tidal torque, and lateral viscosity var-
iations at the lithosphere-mantle interface, where, hosted in the LVZ astheno-
spheric layer, are supposed to occur thin hydrate layers with very-low
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viscosity. These layers are beyond the reach of standard tomography due to the
limitations of the theoretical tools employed: ray theory does not handle
diffraction and frequency dependence, whereas normal mode perturbation
theory requires weak and smooth lateral variations of structure (Anderson,
2007a,b; Boschi et al., 2007; Boyadzhiev et al., 2008; Foulger et al., 2013;
Panza, Peccerillo, et al., 2007; Romanowicz, 2003; Vasco, Johnson, & Mar-
ques, 2003; Waldhauser et al., 2002). The viscosity of the upper astheno-
sphere is still unknown, but, as shown in Figures 1 and 2, the effective
viscosity should be about 1000 times lower when measured for a horizontal
shear with respect to vertical loading as simulated in classical postglacial
rebound studies (Scoppola et al., 2006). This possibility is not contradicted
by petrological and geophysical evidence about a very-low viscosity bet-
ween 100 and 150 km of depth, within the LVZ of the upper astheno-
sphere (Hirth & Kohlstedt, 1996; Holtzman, Groebner, Zimmerman,
Ginsberg, & Kohlstedt, 2003; Panza, 1980; Panza et al., 2010; Rychert,
Fischer, & Rondenay, 2005). A 50—100 km thick layer with low viscosity
remains invisible to postglacial rebound modeling (the channel flow model
of Cathles, 1975). This layer, probably because well beyond the reach of
standard tomography, is usually neglected and considered as a whole
with the underlying higher viscosity lower asthenosphere and it is not
included in current rheological models because of the real difficulty
to handle numerically high-viscosity contrasts, as it is well described by
Tackley (2008) and Ismail-Zadeh and Tackley (2010).

A global net rotation (Figures 2 and 9) is more coherent with the geological
and geophysical asymmetries (Panza et al., 2010; Riguzzi et al., 2010), which
favor a complete rotation of the lithosphere rather than only a mean rotation
(Figures 10, 11 and 12). Relevant evidence about the tidal role for the exis-
tence of a net rotation is that the latitude range of the estimated tectonic main-
stream is about the same as the Moon maximum declination range (£28°)
during the nutation period (=18.6 year). Further indications come from
the fact that the induced geopotential variations and the solid Earth tide
modeling (McCarthy & Petit, 2004) generate extreme amplitudes of the Earth
bulges (= £30 cm) that propagate progressively within the same latitude range
(Biagi, Pierantonio, & Riguzzi, 2006). In particular, the track of the semidi-
urnal bulge crest is roughly directed from E to W, as small circles moving
from latitudes 28°—18°, when the Moon moves from maximum to minimum
declinations (the same happens at negative latitudes for the opposite bulge),
thus corroborating the role, within plate tectonics, of rotational and tidal
drag effects (Bostrom, 1971; 2000). The TE is the ideal line (great circle) along



Polarized Plate Tectonics 25

which plates move over the Earth’s surface with the fastest mean angular ve-
locity toward the west relative to the mantle (Crespi et al., 2007). Consistently
with the present-day Vs resolution, the TE-pert (which is not a great circle)
describes the trajectory along which a global circuit, formed by a ubiquitous
LVZ at least 1000 km wide and about 100 km thick, occurs in the astheno-
sphere, where the most mobile mantle LVZ is located. The existence of a
continuous global flow within the Earth mantle LVZ, capable to drive plates,
is thus granted by the existence of the perturbed equator (Panza et al., 2010).
The westward drift of the lithosphere implies that plates have a general sense of
motion and that they are not moving randomly. If we accept this postulate,
plates move along this trend at different velocities, relative to the mantle, to-
ward the west along the flow line of the TE. In this view, plates would be
more or less dragged by the mantle, as a function of the decoupling at their
base, the degree of decoupling being mainly controlled by the thickness
and viscosity of the asthenosphere.

3. ASYMMETRIES ALONG OPPOSITE SUBDUCTION
ZONES

When comparing W- versus E- (or NE-) directed subduction zones,
there are several differences that arise in terms of morphology, structural eleva-
tion, kinematics of the subduction hinge, gravity anomalies, heat low, meta-
morphic evolution, slab dip, subsidence and uplift rates, depth of the
decollement planes, mantle wedge thickness, magmatism, seismicity, backarc
development or not, etc. The W-class includes all the western Pacific subduc-
tion zones (apart few deviations such as northern Japan), plus the Barbados,
Sandwich arc, Apennines—Maghrebides, Carpathians, and Banda arc. The
E-class contains all the eastern Pacific slabs beneath north, central and
south America, the Alps, Dinarides, Hellenides, Cyprus, Zagros, Makran,
Himalayas, Indonesia, New Guinea, Taiwan, Eastern Molucche, New
Hebrides, and Southern New Zealand. For example, the western Pacific mar-
gins have a much lower topography with respect to the eastern margins. This
difference has generally been ascribed to the occurrence to the continental
nature of the South America upper plate and the younger oceanic more
buoyant Nazca lower plate. However, when moving along the TE, this is a
global signal, occurring all along W- versus E- or NE-directed subduction
zones, regardless the composition and thickness of the upper and lower plates
and they are strictly constrained by their geographic polarity (Harabaglia &
Doglioni, 1998). Both margins show asymmetric free air gravity signatures
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Figure 17 Average topography and free-air gravity profiles across subduction zones.
Both data sets show distinct signatures that are function of the geographic polarity
of the subductions. As an example the profile across the Pacific ocean shows low
topography along the W-directed subduction zones of the western Pacific when
compared to the eastern counterpart. Maxima and minima gravity anomalies are rela-
tively more pronounced along the W-directed subduction zones and the negative grav-
ity anomaly does not coincide with the lowest bathymetry along the trenches of the
W-class. A similar asymmetry persists along all subduction zones of the world. After
Doglioni et al. (1999b). Pacific profile from the GeoMapApp software and database.

(Figure 17). Moving along strike, an example is given by the high elevation of
the southern island of New Zealand Alps associated to an NE-directed sub-
duction zone, and the drastic lowering of topography—bathymetry when
entering the W-directed Tonga—Kermadec subduction zone (Figure 18) in
the northern island of New Zealand (e.g., Reyners, Eberhart-Phillips, Stuart,
& Nishimura, 2006).

Subduction zones have been discovered and are usually marked by seis-
micity entering into the mantle. World seismicity disappears below 670 km
of depth. Slabs generate earthquakes all along their dip, particularly in their
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Figure 18 Moving from the New Zealand to the Tonga subduction zones, i.e., moving
from an NE-directed subduction zone to a W-directed slab, the topography rapidly
drops to much lower elevation. Profile from the GeoMapApp software and database.

elastic thickness where temperature remains lower with respect to the host-
ing mantle. In some slabs earthquakes are recorded from the shallow litho-
spheric layers down to the base of the upper mantle. This may occur along
W-directed subduction zones, although not all of them show seismic events
that deep (Figure 19). However, along the opposite E- or NE-directed slabs,
the seismicity seems to disappear between 300 and 550 km of depth, and
reappears between 550 and 670 km of depth. Therefore, along E- or
NE-directed slabs, a peculiar seismic gap is visible, in particular beneath
the Andes or the Indonesia Arc (Barazangi & Isacks, 1979; Chen, Bina, &
Okal, 2001; Cahill & Isacks, 1992; Isacks & Barazangi, 1977; Milsom,
2005; Pardo, Comte, & Monfret, 2002; Pérez-Campos, Kim, Husker,
Davis, Clayton, Iglesias, et al., 2008; Pilger, 1981; Rivera, Sieh, Helmberger,
& Natawidjaja, 2002) before merging into the W-directed Banda arc sub-
duction zone. Continental collisions are marked only by relatively shallow
seismicity (hypocentral depth <300 km) and they occur only along E- or
NE-directed subduction zones (Figure 19).

Another classical asymmetric signature of subduction zones is the steeper
dip of W-directed slabs with respect to the opposite subduction zones
(Figure 20), a difference that was known since the early stages of plate tec-
tonics (e.g., Dickinson, 1978; Nelson & Temple, 1972; Uyeda & Kanamori,
1979). The slab dip was recently recomputed moving along the TE and con-
firming this angle variation (Riguzzi et al., 2010). Then the following ques-
tions arise quite logically about the origin of this asymmetric morphology
of slabs: (1) Is there a relative easterly directed flow of the mantle that makes
steep W-directed subduction zones and gentle the others (E- or NE-directed)
as suggested by Nelson and Temple (1972) and Dickinson (1978)? (2) Is this
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Figure 19 Left panels, the seismicity, reported by Omori, Komabayashi, and Maruyama (2004) along the main oceanic subduction zones, is
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asymmetry generated by the temperature contrast and negative buoyancy of
slabs (e.g., Jarrard, 1986; Lallemand, Heuret, & Boutelier, 2005)? When
comparing the slab age (which should correlate with their thermal state)
and the dip of the slabs, no correlation is evident (Cruciani, Carminati, &
Doglioni, 2005), therefore option (1) has more chances to be realistic.

A fundamental parameter that qualifies subduction zones is the slab hinge
(e.g., Garfunkel et al., 1986; Waschbusch and Beaumont, 1996). Subduction
zone kinematics predicts that, assuming a fixed lower plate, the velocity of
the subduction (Vs) equals the velocity of the subduction hinge
(Vs = —Vp). In all subduction zones the subduction hinge migrates toward
the lower plate. However, if we rather refer to a fixed upper plate, the sub-
duction hinge can instead either converge or diverge (Figure 21). Several
interesting observations can be made assuming fixed the upper plate and
converging the lower plate (Doglioni et al., 2006a; 2007). The velocity of
subduction (Vg) is given by the rate of slab hinge (V) minus the conver-
gence rate of the lower plate relative to the upper plate (Vi). When the
slab hinge diverges, the subduction rate is higher than the convergence
rate. If the slab hinge converges, the subduction rate decreases. The conver-
gence is generally increased by the slab retreat, which is accompanied by
backarc spreading along W-directed subduction zones (e.g., Tonga,
Figure 21). The convergence is rather partitioned into subduction and
contraction in the orogen associated to an E- or NE-directed subduction
zone (e.g., Andes, Figure 21). The two end members, where the subduction
hinge migrates away or toward the upper plate, largely match the two oppo-
site cases of seismic decoupling or seismic coupling (e.g., Scholz & Campos,
1995) and mantle anelastic properties (Sacks & Okada, 1974).

<

NE-directed) subduction zones show a seismic gap from about 300 to 550 km depth.
Right panels, global seismicity from ISC-GEM Global Instrumental Earthquake Catalogue
(http://www.isc.ac.uk/iscgem), with lines corresponding to the tectonic equator and its
related 30°N and 30°S small circles, after Doglioni et al. (2014). These lines cross eight
selected subduction zones (black rectangles), four W-directed (Philippine, Izu-Bonin,
Ryukyu, Aleutians), and the other four E- (or NE-) directed (South America, Sumatra,
Himalaya, Zagros). The depth distribution of the number of earthquakes, grouped in
classes of 50 km depth, is shown. In panels 1, 2, the number of events is continuous,
with @ minimum in the range 200—350 km, while in panels 3 and 4 seismicity is shal-
lower than about 300 km. Panels 5 and 6 show, on the contrary, the seismic gap typical
of E- (or NE-) directed subduction zones; panels 7 and 8, represent continental subduc-
tion zones and the seismicity there is naturally shallow.
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Figure 20 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 seis-
micity along every subduction. The asymmetry is marked by the steeper W-directed
slabs and by the seismic gap, between around 300—550 km that occurs only along
the E- (or NE-) directed subduction zones. Some E- (or NE-) subduction zones present
a deeper scattered cluster of hypocenters between 550 and 670 km which may be
interpreted either as a detached fragment of the slab, or as a portion of lower mantle
sucked from below (by the tectonic syringe) in the wake left by the slab in its antisub-
duction (exhumation) motion. 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°. After
Riguzzi et al. (2010).

Combining the different possible movements, at least 14 kinematic settings
can be distinguished along the subduction zones (Doglioni et al., 2007). Var-
iable settings can coexist even along a single subduction zone. For example,
along the Apennines subduction zone (e.g., Caputo, Panza, & Postpischl,
1970; 1972; Patacca & Scandone, 1989; Panza & Pontevivo, 2004; Ponte-
vivo & Panza, 2006; Panza, 1978; Chiarabba et al., 2008) at least five different
kinematic settings coexist. Along a single subduction zone there may be
different kinematic settings, deviating from the standard model, and variable
velocities, as a natural consequence of the combination Vi and Vi, can
coexist (Devoti, Riguzzi, Cuftaro, & Doglioni, 2008). Relative to the
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Figure 21 Left panel, basic kinematics of subduction zones, assuming fixed the upper
plate U, a converging lower plate L, and a transient subduction hinge (H) that may
either diverge or converge. The subduction rate S is given by Vs = Vu—VL. Numerical
values are given only as an example. S increases when H diverges relative to the upper
plate (a), whereas S decreases if H converges (b). The movements diverging from the
upper plate are positive, whereas they are negative when converging. The case (a) is
accompanied by backarc spreading, a low prism, and it is typical of W-directed subduc-
tion zones. In case (b) that is more frequent along E-to NNE-directed subduction zones,
double verging and elevated orogens form. In both W- and E- (or NE-) directed subduc-
tion zones, the hinge migrates eastward relative to the upper plate and suggests the
action of a global tuning in subduction processes. Along the Tonga subduction zone,
taken as fixed upper plate, the subduction rate is the sum of convergence between
U and L, plus the motion of H. This is the fastest subduction in the world, where
more than 700 km of lithosphere seem to sink in about 3 Ma. On the opposite side
of the Pacific, along the E-directed Andean subduction zone, the convergence between
Nazca and South America plates is faster than the shortening in the Andes. The upper
plate shortening decreases the subduction rate. After Doglioni et al. (2007).

mantle, the W-directed slab hinges are almost fixed, whereas they move
westward or south—westward along E- (or NE-) directed subduction zones.
There are W- (or SW-) directed subduction zones that work also in absence
of active convergence like the Carpathians or the Apennines. W-directed
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subduction zones have shorter life (30—40 Ma) than E- or NE-directed sub-
duction zones (even longer than 100 Ma). Therefore, the subduction process
appears as a passive feature. Apart from few exceptions, the subduction hinge
converges toward the upper plate along E- (or NE-) directed subduction
zones, whereas it diverges from the upper plate along W-directed subduction
zones accompanying backarc extension. W-directed subduction zones have
usually shorter life and their backarc basin is eventually closed and its evolu-
tion inverted by an E-ward-directed subduction zone along the eastern
margin of the backarc. In fact, at the present rates of hinge migration of
the western Pacific subduction zones, if they were active since the Creta-
ceous, they would now be in the middle of the Pacific Ocean. An example
of this cyclic evolution may be the northern Japan, where along a “W”-
directed subduction zone (from north of the Tokyo triple junction), the
slab hinge is converging relative to the upper plate, hence contracting since
the Late Pliocene-Pleistocene(?) the previously extended Oligo—Pliocene
backarc basin of the Japan Sea (Doglioni et al., 2007).

Consequently, backarc spreading forms in two settings: (1) along the
W-directed subduction zones the “normal” backarc is determined by the
hinge divergence relative to the upper plate, minus the volume of the accre-
tionary prism, or, (2) in case of scarce or no accretion, minus the volume of
the asthenospheric intrusion at the subduction hinge (Doglioni, 2008). Since
the volume of the accretionary prism is proportional to the depth of the
decollement plane, the backarc rifting is inversely proportional to the depth
of the decollement. On the other hand, along E-directed subduction zones,
few backarc basins form (e.g., Aegean, Andaman) and can be explained by
the velocity gradient within the hanging wall lithosphere, separated into
two plates. Before collision, orogen growth occurs mostly at the expenses
of the upper plate shortening along E- (or NE-) directed subduction zones,
whereas the accretionary prism of W-directed subduction zones increases at
the expenses of the shallow layers of the lower plate. The convergence be-
tween the upper and lower plates and the shortening in the related accre-
tionary prism or orogeny can be related into the convergence/shortening
ratio. This value is <1 if the slab hinge diverges relative to the upper plate,
whereas it is >1 if the hinge converges (Figure 22). For example, in the
Andes this ratio is around 1.8 (Doglioni et al., 2006a). The convergence/
shortening ratio in this type of orogens is inversely proportional to the
strength of the upper plate and it is directly proportional to the coupling bet-
ween upper and lower plates. The higher the strength and lower the
coupling, the smaller the shortening and faster is the subduction rate.
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Figure 22 The convergence/shortening ratio (C/S) describes how the convergence bet-
ween two plates is partitioned into subduction and shortening. The different behavior
of the subduction hinge determines an increase or a decrease of the subduction rate.
Along E- (or NE-) directed subduction zones, the C/S is larger than 1 and the conver-
gence rate contributes to contraction and subduction. Along the opposite
W-directed subduction zones the convergence rate adds to the hinge divergence
rate and C/S < 1.

— C

Typically, this opposite behavior occurs along W-directed subduction zones
(C/S ratio <1) and along the E- or NE-directed slabs (C/S ratio >1).
Deviations from this rule occur, for example, in northern Japan, where
the subduction hinge after and Oligocene—Pliocene motion away relative
to the Eurasia upper plate is now converging (Doglioni et al., 2007).

The steeper and faster slabs along W-directed subduction zones deter-
mine that the volume recycled into these subduction zones is about three
times larger than that along the converse subductions. Moreover, the
asthenospheric mantle wedge at the subduction hinge along the same
W-directed slabs is thicker and likely warmer than in the converse E- or
NE-directed subduction zones (Figure 23). This interpretation appears
confirmed by the seismic velocity anomaly (fast) detected at 600 km depth
along the western Pacific, suggesting a larger occurrence of colder slabs
along W-directed subduction zones than in the converse subductions
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Figure 23 The main differences between subduction zones of opposite polarity along
the tectonic equator, reported in the top map, can be naturally attributed to the relative
“eastward” mantle counterflow. The volumes recycled along W-directed subduction
zones are about 3 times larger than those recycled along the converse settings due
to the aforementioned kinematic constraints. Moreover, the asthenospheric wedge
above slabs along W-directed subduction zones (AW) is thicker than the asthenospheric
wedge in E- (or NE-) directed subductions (AE). After Doglioni et al. (2009).

(Figure 24). The mantle wedge shows a systematic geophysical and
magmatic signature that is a function of the composition and thickness of
the involved plates and the polarity of the subduction (Figure 25). Besides
the westward drift, there are at least two basic reasons why in the E-
(or NE-) directed subduction zones (e.g., central America, Andes, Alps,
Dinarides, Zagros, Himalayas, Indonesia) the mantle wedge is thinner
when compared with that of the W-directed ones: (1) as a rule, the conti-
nental upper plate of the E- (or NE-) directed subductions is thick (e.g.,
Artemieva & Mooney, 2001; Chimera, Aoudia, Sarao, & Panza, 2003;
Dal Piaz et al., 2003; Laubscher, 1988; Manea, Manea, Kostoglodov, Currie,
& Sewell, 2004; Panza, 1980; Panza et al., 1982; Panza, Pontevivo,
Chimera, Raykova, & Aoudia, 2003; Polino et al., 1990; Vinnik, Singh,


mailto:Image of Figure 23|tif

Polarized Plate Tectonics 35

shear ity variation from 1-D
2% +2%

L= 1-20; 21 SPLINES Depth= 600 km
TRACE= 3000

Figure 24 Shear-wave velocity anomalies at 600 km depth. (After Ritsema (2005).) The
faster velocities, which are seen along the western side of the Pacific confirm the larger
and deeper volumes of rigid lithosphere carried down in the mantle along the
W-directed slabs, than elsewhere.

Kiselev, & Kumar, 2007) and (2) the slab is, on average, less steep than in
W-directed subductions (Cruciani et al., 2005; Riguzzi et al. 2010). More-
over, W-directed subduction zones should generate a corner flow when
entering the mantle. Relative to mantle and based on the kinematics derived
from the hot spot reference frames, E- or NE-directed subduction zones are
moving relatively “westward” with respect to the mantle, i.e, not moving in
the direction of the subduction, but actually moving “out” of the mantle.
This process, like the action of a tectonic syringe where the plate plays
the role of the plunger and the ambient mantle that of the barrel, seems
to be bound to generate an opposite mantle flow such a sucking upward
of the underlying mantle (upduction). Subduction occurs because the upper
plate moves “westerly” along the tectonic mainstream faster than the lower
plate (Figure 26). Geochemical signatures support such different geometry
and kinematics.

In principle, the volume accreted in a prism located along the trench of a
subduction zone depends on (1) the amount of subduction occurred and (2)
the depth of the basal decollement plane (Figure 27). Therefore, with a
given subduction rate, the accretion depends upon the depth of the
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Figure 25 The four cases represent the possible settings of W-directed and E- (or NE-)
directed subduction zones as a function of the composition of the lower plate (oceanic
or continental). The volume of magmatism is very likely controlled by the slab dehydra-
tion, the asthenospheric wedge thickness, and the subduction rate. The thickness of the
asthenospheric wedge increases with increasing slab dip while decreases with
increasing thickness of the upper plate. The thickest mantle wedge of asthenosphere
is seen along the W-oceanic case, where the slab is very steep and the upper plate is
composed by young oceanic lithosphere. A slightly thinner asthenospheric wedge
occurs in W-continental case, where it is expected a shallower melting of the lower
plate. The steepness of the slab along the W-cases is controlled by the negative buoy-
ancy (if any) and by the advancing mantle flow. Along the E-oceanic case, widespread
volcanism forms; the upper plate can also be oceanic (usually older than the lower
plate). The thinnest asthenospheric wedge likely occurs along the E- (or NE-) continen-
tal case, where in fact the lowest amount of volcanism is observed. The low negative (if
any) or positive buoyancy and the sustaining mantle flow control the low dip of the slab
in the E-cases. AOC, altered oceanic crust. After Doglioni et al. (2009).

decollement layer, which may vary along strike and move through lateral
ramps into stratigraphic layers that have lower friction. The areas of the
accretionary wedges in the hanging wall of W-directed subduction zones
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Figure 26 The subduction zones perturb or deviate the general “eastward” flow of the
mantle relative to the lithosphere. W-directed slabs produce a corner flow, whereas the
opposite slab could rather generate an upward suction flow from the underlying
mantle (tectonic syringe). Such suction may cause the upraise of “fertile” mantle
from below, and its decompression may generate locally OIB-type magmatism. The
fluids released by both W- and E- (or NE-) directed slabs (e.g., the white lenses in the
hanging wall of the subduction) decrease the viscosity at the top of the asthenosphere
and speed up the upper plate. The fluids are sheared by the lithospheric decoupling,
determine a migration away from the lower plate along W-directed subduction zones
and generate backarc spreading. The suction triggers an opposite behavior along the E-
(or NE-) directed subduction zones where the westward increase of the upper plate
velocity rather facilitates the convergence between the upper and lower plate, i.e., it
determines a double verging Andean Alpine-type orogen. BABB: backarc basin basalts;
IAT: island-arc tholeiites; CA, SHO: calc-alkaline and shoshonitic series; OIB-type: basalts
with ocean island or intraplate affinity. H, subduction hinge; L, lower plate; U, upper
plate. The arrows indicate the velocity of L and H with respect to fixed U and not
with respect to the mantle. After Doglioni et al. (2009).

are much smaller than the average area accreted in orogens associated to the
opposite subduction zones. This implies that W- versus E-directed subduc-
tion zones have shallow and deep decollement planes, respectively. There-
fore, having a deeper decollement, the orogens associated to the E-directed
subduction zones may uplift deep-seated rocks and large volumes of the
lower plate (Figure 27). This may explain why W-directed subduction zones
mostly accrete shallow rocks of the lower plate, whereas E- or NE-directed
subduction zones have uplifted ultradeep-seated rocks such as ultrahigh-
pressure rocks of both the lower and the upper plate (e.g., diamond-
bearing eclogites). The larger volumes involved in E- or NE-directed
subduction zones determine higher critical taper with respect to the
W-direcetd subduction zones (Figure 28).

All subduction zones show the flat foreland gradually merging into the
trench or beneath the foredeep or foreland basin. This angle becomes
steeper when approaching the belt and the inclined plane is called foreland
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Figure 27 Left panel: with a given subduction amount, e.g., 200 km, the area/volume
accreted in the accretionary prism depends on the depth of the decollement. The
deeper the decollement, the bigger the orogen. Right panel: the average areas above
sea level of the prisms of the main subduction zones, show that orogens above E- (or
NE-) directed subduction zones are about 6—8 times larger than the accretionary
prisms related to W-directed subduction zones (after Lenci & Doglioni, 2007). This means
that the decollements are deeper and exhume larger volumes along E- (or NE-) directed
subduction zones than in the W-directed cases.

regional monocline. The angle is steeper beneath W-directed subduction
zones with respect to the converse slabs (Figure 28). In fact, the foreland
regional monocline is the shallow expression of the subduction hinge and
reflects the attitude of W-direcetd slabs for steep angles. Above the regional
monocline develops the foredeep or foreland basin in all subduction zones.
Therefore, the steeper the regional monocline, the deeper the foredeep
basin is. W-directed subduction zones have the deepest and fastest subsiding
foredeeps. The foredeep or trench may be filled (e.g., the 8 km of Plio—
Pleistocene sediments of the Po Basin) or unfilled (e.g., the Mariana trench),
and it subsides at the highest rates (>1 mm/yr). On the contrary, E- or
NE-directed slabs have a foredeep in front of the forebelt and a conjugate
foredeep in the foreland of the retrobelt. These two foredeeps have low sub-
sidence rates (<0.3 mm/yr) and are generally quickly filled and bypassed by
the large sediment supply of the higher associated orogens (Figure 29). The
asymmetry of the foredeeps as a function of the subduction zone (Doglioni,
1992; 1993b; 1994) is also manifested by the ratio between the area of the
orogen and the area of the foredeep which is <1 along W-directed subduc-
tion zones, whereas it is >1 along E- or NE-directed subduction zones
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Figure 28 Average values of the topographic envelope (a), dip of the foreland mono-
cline (B), and critical taper (= o + B) for the two classes of subduction zones, i.e.,
W-directed and E- (or NE-) directed. The “western” classes reach lower values of «
and larger (steeper) values of B than “eastern” classes. Assuming fixed the upper plate
U, along W-directed subduction zones the subduction hinge H frequently diverges rela-
tive to U, whereas it converges along the opposite subduction zones. L, lower plate. The
subduction S is larger than the convergence along W-directed slabs, whereas S is
smaller in the opposite case. The two end members of hinge behavior are respectively
accompanied, on average, by low and high topography, steep and shallow foreland
monocline, fast and slow subsidence rates in the trench or foreland basin, single vs
double verging orogens, etc. All this highlights a worldwide subduction asymmetry
along the flow lines of plate motions (tectonic equator) indicated in the insert. Modi-
fied after Lenci and Doglioni (2007).

(Figure 29). The shape of the foredeeps is regularly arcuate in case of
W-directed subductions, while it is almost linear or it follows the shape of
the inherited continental margin in case of E- (or NE-) directed subduc-
tions. Fold development in the two kinds of foredeeps is significantly
different: in W- (or SW-) directed subductions the folds are carried down
in subduction while they are forming and consequently they are poorly
eroded. In the E- (or NE-) directed subduction folds and thrust sheets are
instead uplifted and deeply eroded. The first-order arc of a W-directed sub-
duction zone constrains the general geometry of the foredeep. However,
variations in depth and forward propagation of the decollement generate
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Figure 29 Foredeeps or foreland basins are asymmetric as a consequence of the polar-
ity of the pertinent subduction zone. W-directed subduction zones are characterized by
one foredeep with a basal steep monocline generated by slab retreat and have high
(>1 mm/year) subsidence rates. The cross-section area of the foredeep is larger than
that of the associate accretionary prism. Therefore, these basins provide huge accom-
modation space, which may be filled (e.g., Apennines, Carpathians) or unfilled (e.g.,
Marianas) by sediments. E- (or NE-) directed subduction zones rather have two fore-
deeps or foreland basins at the fronts of the forebelt and the retrobelt, respectively.
They show a shallow foreland regional monocline dip and they are mostly generated
by the lithostatic load of the orogen. The foredeeps have an area smaller than the
area of the orogen and low (<0.3 mm/year) subsidence rates. These foredeep basins
are quickly filled and bypassed. Collisional orogens related to plate subrotation (e.g.,
Pyrenees) show the characters of collisional orogens such as those pertaining to the
E- (or NE-) directed class of subduction zones. After Doglioni (1994).

oscillations (arcs) of the thrust belt front, i.e., second-order salients and
recesses (Doglioni, 1991).

In the past, W-directed subduction zones have been less investigated
than the converse subduction zones because the former are mostly below
sea level. Therefore, their different characters are less known. However,
they have specific signatures, which are listed in Figure 30. They have an
arcuate shape of the frontal part, whereas the backarc basin shows an oppo-
site convexity. They are short lived (usually <50 Ma) and are associated to a
backarc development; they may occur only if there is a thinned and heavier,
possibly oceanic, lithosphere to the east of a lighter and thicker lithosphere;
they present a new generated Moho in the hanging wall of the slab and they
show the magmatic pair alkaline—calc-alkaline magmatism, etc. (Figure 30).
E-verging arcs associated to W-directed slabs are a few thousand kilometers
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Figure 30 Main characters of W-directed subduction zones: (1) the arcuate shape
toward the foreland; (2) the concave geometry of the western margin of the backarc
basin opposed to the convexity of the external arc; (3) the presence of an accretionary
wedge along the external arc and a backarc basin to the west; (4) the “E”-ward migra-
tion of the system; (5) the accretionary wedge dimension depends on the amount of
subduction and depth of the decollement plane; (6) the relatively short-lived system
(40—50 Ma) with respect to the opposite subduction which may last longer; (7) the lith-
ospheric boudinage in the backarc setting; (8) the steep or vertical slab; (9) the fast
retreat of the subduction hinge relative to the upper plate; (10) the deep trenches
and fast subsidence rates in the external foredeep (>1 mm/year); (11) the lithosphere
thinning in the backarc of the upper plate and fast subsidence rates (>0.5 mm/year);
(12) the low elevation of the accretionary wedge (on average 1 km below sea level)
and the entire upper plate setting; (13) the formation of a new Moho and new LID at
the base of the upper plate; (14) the E-ward migrating magmatic pair of calc-alka-
line—shoshonitic and alkaline—tholeiitic suites; (15) the thin-skinned tectonics in the
accretionary wedge and thick-skinned in the backarc basin; (16) all the gravimetric,
heat flow, seismological signatures that show extreme minima and maxima excursions
of this geodynamic setting (e.g., high gravity and heat flow anomalies and low Q factor
in the backarc basin and vice versa in the accretionary prism and trench).
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long (1500—3000 km); they are characterized by a frontal accretionary
wedge and backarc basin propagating together “eastward”. The accretionary
wedge scrapes oft superficial layers of the downgoing plate (thin-skinned
tectonics) whereas the backarc extension crosscuts the entire subduction
hanging wall (thick-skinned tectonics). The slab of this type of subduction
is steep to vertical and the hanging wall of the subduction has a mean depth
of 1 km below sea level. Trenches and foredeeps are the deepest basins of the
Earth and their mean depth is about 5 km below sea level. The foredeep in
W-directed subduction zones can be explained by the slab retreat pushed by
the relative eastward mantle flow (slab hinge diverging relative to the upper
plate) while foredeep along the E- (or NE-) directed subduction zones can
instead be generated by coexisting load of the orogen, the downward
component due to the advancing upper plate plus the contrasting
upward push of the mantle that flows in the direction of the subduction.
W- (or SW-) directed subduction zones occur both in the case of the largest
E—W convergence rates among plates (e.g., W-Pacific examples) and of no
or very low convergence (e.g., Apennines, Carpathians). In the Mediterra-
nean, the Adriatic continental lithosphere (e.g., Panza, Raykova, Carminati,
& Doglioni et al., 2007; Venisti, Calcagnile, Pontevivo, & Panza, 2005) and
the Ionian oceanic (?) lithosphere (e.g., Calcagnile, D’Ingeo, Farrugia, &
Panza, 1982; Cernobori et al., 1996; Farrugia & Panza, 1981; Nicolich,
Laigle, Hirn, Cernobori, & Gallart, 2000; Panza, Peccerillo, et al., 2007,
Panza, Raykova, et al., 2007b; de Voogd et al., 1992) are subducting
both under the Apennines (steep W-directed subduction) and under the
Dinarides—Hellenides (shallow NE-directed subduction) (e.g., Brandmayr
et al.,, 2010; Christova & Nikolova, 1993; El Gabry, Panza, Badawy, &
Korrat, 2013; Selvaggi & Chiarabba, 1995) and with very scarce seismic
activity (deformation) in the horizontal part of the plate.

The two-related thrust belts follow respectively the geological and
geophysical characters of the east and west Pacific subduction zones
discussed in this chapter, regardless age and thickness variations of the sub-
ducting lithosphere. In the Pacific, the W- (or SW-) directed subductions
are the fastest in the world and the slab is steep, while the South America
Cordillera (E- or NE-directed subduction related) is active since the Meso-
zoic and the slab inclination is less than about 25° (Riguzzi et al., 2010). This
behavior cannot be explained in terms of age of the subducting lithosphere
and of slab pull as well documented, for example, in the Mediterranean by
Brandmayr, Marson, Romanelli, and Panza (2011) and El Gabry et al.
(2013).
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Subductions may initiate when two basic conditions are satisfied: (1) the
two plates have at least an initial convergent component of relative plate mo-
tion and (2) one of the two plates is sufficiently denser, thinner, stronger, and
wider to be overridden by the other. As a counterexample, when an oceanic
rift opens to a width equal or smaller than the thickness of the adjacent con-
tinental lithosphere, a complete subduction cannot develop (Doglioni et al.,
2007). In other words, small oceans (150—200 km wide) cannot generate
normal, steady-state, subduction systems. This setting can rather evolve to
obduction, where ophiolitic slices of the oceanic realm are buckled and
squeezed on top of the continental lithosphere. One example could be
the Oman ophiolite complex (Garzanti, Vezzoli, & Ando, 2002; Garzanti,
Doglioni, Vezzoli, & Ando, 2007; Nicolas, Boudier, Ildefonse, & Ball,
2000), even if it is unclear whether this ocean was a narrow independent ba-
sin, or rather part of a wider Tethyan branch (Stampfli & Borel, 2002).

Following the Atlantic subduction zones (Barbados and Sandwich arcs),
the W-directed subduction zones develop along the retrobelt of former E-
(or NE-) directed subduction zones, where oceanic lithosphere occurs in the
foreland to the east, where the northern and southern American continents
narrow (Figure 31). This applies to the onset of the Apennines subduction

(a) (b)

thick continental

oceanic ]
lithosphere lithosphere W E
—_— 200 km —_—

"Eastward" relative
asthenospheric flow

FOREBELT  RETROBELT E-directed subduction

-_".‘2?—
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stretching the orogen

W-directed subduction

Figure 31 The Barbados and Sandwich arcs formed only where the American conti-
nents narrow. Their W-directed subduction zones evolved only where there was
Atlantic oceanic lithosphere in the foreland of the retrobelts of the E-directed subduc-
tion zones of the northern and southern American Cordillera. Similarly the origin of
W-directed subduction zones in the Mediterranean (Apennines and Carpathians) and
elsewhere in the world can be explained. After Doglioni et al. (1999a).
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along the retrobelt of the Alpine—Betic orogen where Tethys oceanic crust
was present to the “east.” The Alpine orogen was stretched and scattered in
the Apennines backarc basin. The backarc extension is internally punctuated
by necks (subbasins) and boudins, horsts of continental lithosphere. The
asymmetric extension in the backarc basin appears controlled by differential
drag between the eastward mantle flow and the overlying, passively trans-
ported, crustal remnants. Compression in the accretionary prism may be
interpreted as the superficial expression of the shear occurring between
the downgoing lithosphere and the horizontally moving mantle which
compensates the slab rollback (see Chapter 5).

Opposite to the W-directed subduction zones, the E- or NE-directed
subduction can nucleate only in case of an oceanic or thinned continental
lithosphere located to the west of a thicker lithosphere to the east. For
example, the future closure of the Atlantic Ocean should only start with a
subduction along the African and European coasts, along the eastern margin
of the basin, where oceanic lithosphere is located to the west of the conti-
nent. Therefore, the future subduction and closure should not form at
the plate boundary, but within the African and European plates, at their
continent—ocean transition. Unlike W-directed slabs, in the shallow hot
spot reference frame, E- (or NE-) directed subduction zones should have
the lower plate moving “out” of the mantle, i.e., the slab is not actively
entering into the hosting mantle. If the kinematic reconstruction is correct,
the subduction occurs because the upper plate moves westward or south—
westward faster than the lower plate, overriding it. In Figure 32 is shown
the Nicaragua example, where the Cocos plate moves westward relative
to the mantle, slipping above the LVZ in which, by means of magnetotel-
luric data, melting can be inferred in a less resistive layer. In this model, the
slab is entirely passive to plate tectonics, i.e., not actively driving neither its
subduction nor the motion of the plate.

The orogens associated to conversely directed subduction zones exhibit
the involvement of different crustal sections and different outcropping rocks.
This is related to the peculiar PTt paths associated to the two typologies of
subduction zones, as a function of their transit above or below the decou-
pling surfaces (Figure 33). The different decollements in the two end mem-
bers of subduction should control different PTt paths and, therefore, generate
variable metamorphic assemblages in the associated accretionary wedges and
orogens (Figure 33). These asymmetries determine different topographic and
structural evolutions that are marked by low topography and a fast “east-
ward” migrating structural wave along W-directed subduction zones,
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Figure 32 Resistivity model obtained from anisotropic inversion of the seafloor mag-
netotelluric data of the Cocos subduction beneath central America. (Slightly modified
after Naif et al. (2013).) (a) The electrical resistivity in the direction parallel to plate mo-
tion (p,). Blue (light gray in print versions) and red (gray in print versions) colors corre-
spond to resistive and conductive (less resistive) features, respectively. The red (dark
gray in print versions) line is a model of the top of the subducting slab. Earthquake hy-
pocenters from up to 50 km off-axis are shown as black dots. The zone enclosed by the
dashed black line is where the model is at least 1.5 times more conductive in the direc-
tion parallel to plate motion than in other directions. The relatively more conductive
layer is interpreted as the LVZ containing melt and having low viscosity that allow
for decoupling. According to the plate kinematics in the shallow hot spots reference
frame, both lower and upper plates are moving “westerly” relative to the mantle and
the subduction occurs because the upper plate is faster to the west. (b) Resistivity ratio
for the plate-motion-parallel (p,) and to trench-axis-parallel (p,) model components.
The color scale is for log(p,/p,) that shows the strong anisotropy of the conductive layer
at 45—70 km depth (red (gray in print versions) regions >150 km offshore). The deeper
mantle beneath the conductive layer is isotropic, and suggests that it is not being
sheared, i.e. the slab is entirely passive to plate tectonics. See Naif et al. (2013) for details.
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Figure 33 Main differences among subduction zones and related orogens as a function
of their geographic polarity relative to the tectonic equator (upper panel). The two end
members show distinct PTt evolution. The different paths of rocks in the two settings
depend on the depth and migration of the decollement planes and on the original
starting level of the PTt path of the sample (lower panel). The subductions opposing
(W- or SW-directed) the mantle flow show low structural and morphological elevation
with shallow rocks involved; the tangent to the anticlines of a predeformation marker is
descending into the trench and the depocenter of the deep foredeep basin is within
the accretionary wedge (e.g., Apennines). The subductions (E- or NE-directed) that
follow the mantle flow rather show high structural and morphological elevation,
deep rocks involved (i.e, America Cordillera) and the tangent to a predeformation
marker is rising toward the hinterland. The shallow foredeep is mainly located in front
of the belt. The basal decollement of the W-directed subduction accretionary prism
travels in the upper layers of the downgoing slab, which is delaminated (i.e.,, most of
it subducting). The basal decollement of the E- (or NE-) directed subduction is rather
deeply rooted into the whole crust of the upper plate and eventually of the lower plate
at the collisional stage. LT, low temperature; LP, low pressure; HT, high temperature; HP,
high pressure, M, middle.
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whereas the topography and the structure are rapidly growing upward and
expanding laterally along the E- or NE-directed subduction zones.

The magmatic pair calc-alkaline and alkaline—tholeiitic volcanic prod-
ucts of the island arc and the backarc basin characterize the W-directed sub-
duction zones. Magmatic rocks associated with E- (or NE-) directed
subduction zones have higher abundances of incompatible elements, and
mainly consist of calc-alkaline—shoshonitic suites, with large volumes of
batholithic intrusions and porphyry copper ore deposits (Doglioni, Merlini,
& Cantarella, 1999). Moreover, the thermal and gravity signatures depend
on the variable average depth of the asthenosphere in the two settings
(e.g., much shallower in the backarc of the W-directed subduction zones).
The B and Nd isotopes confirm the asymmetry of subduction zones
(Doglioni, Tonarini, & Innocenti, 2009). Hotter and thicker asthenosphere
in the hanging wall of W- (or SW-) directed subduction zones is generally
accompanied by positive and higher 8''B and '*Nd/'**Nd, except where
there is a significant crustal contribution (e.g., Apennines). The kinematics
of W-directed subduction zones predicts a much thicker asthenospheric
mantle wedge, larger volumes and faster rates of subduction with respect
to the slabs E- (or NE-) directed. The larger volumes of lithospheric
recycling, the thicker column of fluids-rich, hotter mantle wedge, all should
favor greater volumes of magmatism per unit time in W-directed subduction
zones. The E- (or NE-) directed subduction zones show a thinner, if any,
asthenospheric mantle wedge due to a thicker upper plate and low-angle
subducting slab. Along these settings, the mantle wedge, where the perco-
lation of slab-delivered fluids generates melting, mostly involves the rela-
tively cooler lithospheric mantle. Mantle wedge thickness, composition,
and temperature are all affected by the asymmetries imposed by the west-
ward drift of the lithosphere and the consequent differences among subduc-
tion zones.

The westward drift of the lithosphere (Bostrom, 1971; Doglioni, 1993a;
Knopoft & Leeds, 1972; Moore, 1973) can explain the aforementioned
asymmetries at subduction zones. W-directed subduction zones are steeper
(average 65°) than those directed to E or NE (average 27°), and the associ-
ated orogens are respectively characterized by lower structural and topo-
graphic elevation, occurrence of backarc basins, whereas E- or
NE-directed subductions show higher structural and morphological eleva-
tion and absence of backarc basin (Doglioni, 1993a; Riguzzi et al., 2010).
This asymmetry is also marked by the opposite state of stress of the slabs
(Ruft & Kanamori, 1980; Bevis, 1988; Billen & Hirth, 2007): down-dip
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compression and down-dip extension for W- and E- or NE-directed slabs,
respectively (Doglioni et al., 2007; Carminati & Petricca, 2010; Riguzzi
et al., 2010). Such differences have been usually interpreted as related to
the age of the downgoing oceanic lithosphere (usually older, cooler, and
denser in the western side). However, these differences persist elsewhere,
regardless of the age and composition of the downgoing lithosphere, e.g.,
in the Mediterranean Apennines and Carpathians versus Alps and Dinarides,
or in the Banda and Sandwich arcs, where even continental or zero-age
oceanic (mid-oceanic ridge) lithosphere 1is almost wvertical along
W-directed subduction zones (Cruciani et al., 2005; Doglioni et al.,
2007). To summarize, W-directed subductions and E- or NE-directed ones
have subduction hinges respectively diverging and converging relative to the
upper plate, fast versus low subduction rates, low versus high topographic
envelopes () and high versus low foreland monoclines (). Finally, the lith-
ospheric volume lost along subduction zones (Doglioni & Anderson, 2015) is
about 300 km’/year, but the subduction rate along W-directed slabs is three
times larger (about 230 km’/year) with respect to the converse E- or
NE-directed subduction zones (about 70 km?/year). W-directed subductions
are zones where there is a negative volume balance of lithosphere, in other
words, the lithosphere is almost entirely lost in subduction and replaced by
the uprising asthenosphere in the backarc region. Along E- or NE-directed
subduction zones, the volume balance of the lithosphere is positive because
the hanging wall lithosphere is thickened from the footwall plate, which is
sliding below and following the shape of the upper plate. This could provide
an explanation for their higher structural and morphologic elevation.

The following tables indicate the several different relationships between
extensional tectonic settings and subduction zones (Table 1), the main asym-
metric parameters of opposite subduction zones (Table 2), and the dip of the
main world’s subduction zones (Table 3).

From the existing literature it is possible to identify nine main exten-
sional types related to convergent geodynamic settings (Table 1). The uplift
of deep crustal rocks at the surface is related to deep thrust planes that are
associated with thrust belts that form with E- and NE-directed subduction
zones; later extension of any of the former types may affect such orogens, in
particular, type 1 (e.g., the Tyrrhenian Sea overprinting the Alpine orogen),
or type 5 (e.g., Alps, Himalayas), or type 6 (e.g., Aegean rift), or type 7 (e.g.,
Atlantic and Tethys), or type 8 (e.g., Basin and Range) as shown in
Figure 34. As a rule, interplay among the different types of extensional
settings may be expected (Doglioni, 1995). Difterent types of extension



Table 1 Main extensional types related to convergent geodynamic settings. Other differences like shape, time evolution, and rheological
parameters vary in each type of setting

Generalized
Geodynamic setting Subduction Syn- or subsidence or Extension Number of Opening
planes polarity Post-conv. uplift Basal decollement migration plates rates
1 Backarc basin Westward syn subsidence Lithosphere— E-ward lTor2 3—10 cm/yr
extension 700 m/Ma asthenosphere
2 Asthenospheric Westward syn Uplift 500 m/Ma Crust—asthenosphere E-ward 1or2
wedging-related
extension
3 Subduction hinge Westward syn subsidence or Upper lithosphere ~ E-ward 1or2
extension uplift
4 Increasing arc Westward syn subsidence Lithosphere— E-ward 1or2
length extension asthenosphere
5 Morphologic Eastward or syn Uplift Middle-upper crust 1or2
Gradient-related northeastward
extension
6 Hanging wall Eastward or syn subsidence Lithosphere— SW- 3 0.1=5 cm/yr
gradient velocities  northeastward asthenosphere eastward
7 Lithospheric roots- Eastward or post subsidence Lithosphere- 1to2 0.1—1 ecm/yr
related extension northeastward 100m/Ma asthenosphere
8 Inversion of Eastward or post subsidence Lithosphere— 3to2 1—10 cm/yr
velocity gradients northeastward asthenosphere
9 Transfer zones- both west- and  syn subsidence or Basal thrust plane 1or2

related extension

eastward

uplift
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Table 2 Few main geometric, kinematic, and dynamic differences between orogens and subduction zones following or opposing the
tectonic mainstream. Subduction zones parallel to the mainstream due to plate subrotation (e.g., Pyrenees) or oblique convergence
have similar characters as the subduction zones that follow it

Subductions opposing the tectonic
mainstream (W- or SW-directed)

Subductions along the tectonic mainstream
(E- or NE-directed)

Elevation average

Foreland monocline average dip
Trench or foredeep subsidence rate
Prism envelope average dip
Orogen-prism vergence

Type of prism rocks

Prism decollement depth

Seismic coupling
Moho

Asthenosphere depth
Seismicity

Slab dip

Subduction hinge motion
relative to upper plate

—1250 m

6.1°

>1 mm/yr

1.9°

Single verging

Mostly sedimentary cover and volcanics

0—10 km; (rarely up to 20 km) off scraping
the top of the lower plate

Mainly low
Shallow (<30 km) new upper plate Moho

Shallow (<20—50 km) beneath the arc
0—670 km; intraslab mostly down-dip
compression and horizontal shear

25°—90°

Mainly diverging eastward (except Japan
where subduction started to flip)

+1200 m

2.6°

<0.3 mm/yr

4.8°

Mostly double verging

Largely basement, sedimentary cover and
volcanics

>30 km; oceanic subduction, affecting mostly
the whole section of the upper plate;
continental subduction affecting also the
lower plate

Mainly high

Deep (>40 km) doubled old Mohos due to
lithospheric doubling

Deep (>70—100 km) beneath the arc

0—250 km And scattered 630—670 km;
intraslab mostly down-dip extension

15°—50°, steeper up to 70° along oblique
subductions and thicker upper plate

Mainly converging E-ward or NE-ward

0s
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Subduction hinge motion relative
to mantle
Subduction rate

Backarc spreading rate

Slab/mantle recycling
Subduction mechanism

Fixed

S=H-L, faster than convergence rate; mainly
slab retreating and entering the mantle

H (>0), prism accretion, hinge asthenospheric
intrusion

About three times higher than opposite

Slab—mantle wind interaction + far-field
plate velocities + slab density gradient
relative to the country mantle

W-ward or SW-ward

S=H-L, slower than convergence rate; slab
“escaping” relative to the mantle
overridden by the upper plate (upduction)

Differential velocity between two hanging
wall plates

About three times lower than opposite

Far-field plate velocities 4 slab density
gradient relative to the country mantle
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Table 3 Dip of the slab of the W- (or SW-) and E- (or NE-) directed subduction zones,
slightly modified after Riguzzi et al. (2010)

Slab dip Slab dip Deep
W- or SW-directed >100 km  E- or NE-directed >70 km cluster
Tohoku—Japan 35° Nicaragua 50°
Kuriles—Kamchatka 45° Cascadia 18°
Molucche 3°N 50° Molucche 3°N 45°
Aleutians 55°N/160°W  50° New Hebrides 50° Yes
N-New Zealand 39°S 65° Zagros 18°
Banda 55° Himalaya 15°
Tonga 58° Peru 10°S 10°
Cotabago 63° Peru—Bolivia 15°S  18° Yes
Mariannas 22°N 84° Chile 22°S 21° Yes
Izu—Bonin 32°N 72° Chile 24°S 21°
Izu—Bonin 27°N 83° Ecuador 3°S 20°
Apennines 72° Costarica 50°
Sandwich 69° Colombia 5°N 25°
Barbados 68° Hellenides 23°
Mariannas 12°N 85° Mexico 10°
Mariannas 19°N 84° Sumatra 100°E 32°
Vrancea 78° Sumatra 115°E 35° Yes
Average 66°+15°  Average 27°+14°

can overprint the entire variety of preexisting tectonic fabrics. Orogens
associated to subrotation of plates (e.g., the CCW rotation of Iberia, which
generated the E—W trending Pyrenees, or the CW rotation of South
America that constructed the Colombia—Venezuela E—W trending thrust
belt) have characters of subduction zones where the subduction hinge con-
verges relative to the upper plate, i.e., produces a contractional double
verging orogen such as those generated by E- or NE-directed subduction
zones.

4. ASYMMETRIES ALONG RIFT ZONES

The oceanic ridges are usually taken as the prototype of geological
symmetric features. However, a number of deviations from this apparent
regularity exist in the spreading rates, volcanic “plumes” interactions, and
ridge jumps (Muller, Sdrolias, Gaina, & Roest, 2008 and references therein).
For example, bathymetric analysis of ocean basins (Doglioni, Carminati, &
Bonatti, 2003) shows that they are, on average, 100—300 m shallower in
the eastern flank (Figures 35 and 36) than in the western one. This



Polarized Plate Tectonics 53

STAGE 1-3plates  'ifting contraction
8 cm/yr 7 cm/yr
10 cm/yr 6 c\rz{ 4 2cmfyr 4 cm/yr 8 cm/yr
Va Vb v Ve

STAGE 2 - 2 plates

10 cm/yr 2cmlyr
Va <

R

)

subducted rift
Ve>Vr, Va>Ve

Figure 34 One of the several examples of relationship between extensional tectonics
and subduction systems (type 8 of Table 1). Va, Vb, Vc, velocities of plates a, b, and c,
respectively. Vr, velocity of the ridge; Vt, velocity of the trench. Since the plate c will
eventually override the ridge, the system will be switched from subduction to rifting
because plate a is faster than plate ¢, having lost the intervening slower plate. This
evolution may explain the Basin and Range rifting.

asymmetry is confirmed also when plotted versus the square root of the age
of the oceanic crust (Figure 37). A counterexample of this systematic asym-
metry occurs at the Pacific superswell along the EPR. Ridges appear also to
jump more frequently toward the west, leaving abandoned rift valleys to the
east (e.g., the Aegir Ridge in the Norway Basin, northern Atlantic, Le
Breton, Cobbold, Dauteuil, & Lewis, 2012). Moreover, shear waves veloc-
ities (VS) suggest a thicker western limb in the Middle Atlantic Ridge and
the Indian Ridge with respect to a thinner eastern limb (Figure 38), whereas
the LVZ is thinner under the western lithosphere with respect to the eastern
one (Panza et al., 2010). These authors also emphasize the occurrence of the
LVZ worldwide between the lithospheric mantle (LID) at 50—150 km and
the upper asthenosphere at about 200—220 km depth. The global asymme-
try is persistent regardless the age of the oceanic lithosphere. This finding is
well visible along the TE or also along a perturbed path of it, suggesting a full
decoupling between lithosphere and underlying mantle (Figure 39). Typical
VS of the LID is about 4.7 km/s, whereas the LVZ may be around 4.3 km/s.
Radial anisotropy becomes close to 1 at about 200 km depth and beneath
oceanic ridges (Figure 39). Such a global signature can be interpreted in
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Figure 35 Topographic profiles across the major oceanic ridges and the Red Sea and
Baikal rift. The locations are chosen to avoid, as much as possible, seamount tracks, tri-
ple points, and large deep-sea fans. Note how the eastern sides are generally more
elevated. The gray sinusoidal line indicates the main direction of plate motion or tec-
tonic equator. After Doglioni et al. (2003).

terms of a global discontinuity in the LVZ that allows for the relative
motion between the westerly traveling lithosphere and the underlying
mantle, that moves “eastward” relative to the lithosphere (Figure 40).
This can be considered as the first-order flow, whereas second-order flows
is represented by the local uplifts of the mantle beneath the oceanic
spreading zones, being sort of Taylor instabilities (Figure 40). The morpho-
logic and seismic asymmetries between the western and eastern limbs have
been interpreted as related to the migration of the ridge over a relatively
more fertile mantle (Doglioni et al., 2005). The uplift and decompression
of the mantle generates partial melting in the LVZ and depletion of the
mantle. After melting, the residual mantle is about 20—60 kg/m”> lighter
(Oxburgh & Parmentier, 1977). The lateral migration of the ridge allows
permanent generation of MORB magmas from undepleted mantle sources
(Figure 41). The ridge migration rate is given by the sum of the two plate
velocities in the hot spot reference frame divided by 2 (Figure 41). There-
fore, the decoupling between the lithosphere and the underlying mantle
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Figure 36 Topographic profiles across the Pacific, Atlantic, and Indian Oceans. The western (W) and eastern (E) sides are plotted together in
order to better appreciate the altitude differences. Red dashed lines represent the western flanks, whereas the solid black lines are the
eastern flanks. Eastern flanks are, on average, shallower. After Doglioni et al. (2003).
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Figure 37 Elevation of the oceanic lithosphere versus the square root of age in the Pacific, Atlantic, and Indian sections. Red line dots represent
the western flank. The asymmetry persists and shows an average less steep mean inclination (intercept of the regression line) of the eastern
flanks; the steeper the slope the faster the subsidence as it is relatively more often seen in the western limb. After Doglioni et al. (2003).
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Figure 38 Vs cross section, 10° wide, along the tectonic equator, crossing the Atlantic
and Indian oceans. The relatively faster western lithospheric flank of the Atlantic (MAR)
and Indian (IR) oceanic ridges is clearly seen. Data courtesy of Anatoli Levchin based on
CUB2 Ritzwoller, Shapiro, Barmin, and Levshin (2002).

continuously mixes the system and distributes a previously undepleted
mantle into different layers and sides (Figure 42). In fact, part of the melt
goes up to form new oceanic crust, which is split into the two plates
spreading apart; some depleted LVZ, e.g., a lherzolite transformed into
harzburgite beneath the ridge, gradually cools down to form the LID,
whereas the lower eastern side of the rift continues to belong to the LVZ
layer, but depleted (Figure 42). Each prerift mantle source in the LVZ to
the west of the ridge may have a different evolution and final destination
of its journey. Plate and mantle kinematics in the hot spots reference can
explain the bathymetric, seismological, and geochemical different signa-
tures between the two limbs of the ridge. Recently Cutfaro and Miglio
(2012) reproduced the asymmetry of the thickness of the limbs at oceanic
rift zones modeling mantle upwelling beneath a migrating Mid-Atlantic
Ridge, using plate velocities relative to the hot spot reference frames as
boundary conditions.

Some continents are uplifting without any apparent reason. For example,
Africa, India, and Europe underwent a Cenozoic uplift (Carminati, Cuffaro,
& Doglioni, 2009; Doglioni et al., 2003). Besides the Alpine orogen, the
Mesozoic—Early Cenozoic Paris Basin was uplifted together with the whole
European continental areas (Figure 43). In the framework of the westward


mailto:Image of Figure 38|tif

58 Carlo Doglioni and Giuliano Panza

TE TE_perturbed

-150°  -100 100" 150" -150"  -100" -50° 0" 50" 100 150°

-300 - 2
4150 4100 -50 0 50 100  150A (%) 450 100 -50 0 50 100 150A (%)

(vsh-vsvyvs, [ [ [
0.1 1.0 2.0 5 > . 4 .

4150  -100  -50 0 50 100 150 A (°) 150 -100  -50 0 50 100 150 A (°)

Figure 39 Vs cross section, 10° wide, along the tectonic equator (TE) to the left, and
along a perturbed path (TE-pert). The generalized asymmetry across oceanic ridges is
quite evident: the lithosphere (0—100 km thick) in the western side of the rift is faster
than in eastern or northeastern side, whereas the upper asthenosphere (low-velocity
layer, 100—200 km thick) is slower in the western side with respect to the conjugate
counterpart. In the top panels red lines correspond to segments of Eastern Pacific,
Mid-Atlantic, and Indian Ridges. Lower panels show the radial anisotropy along these
sections. Vs radial cross sections have been obtained using bispline interpolation of
velocities at fixed depths levels (on a 4 km grid) with subsequent Gaussian smoothing.
Vs is taken here as average of Vsv and Vsh (see text) along a section 10° wide. Radial
anisotropy sections are without crust, since crust is assumed to be isotropic. After
Panza et al. (2010).

drift of the lithosphere, the continental areas gradually shift over previously
depleted mantle sections beneath the ridge to the west. Therefore, the
depleted lighter mantle should eventually transit beneath the continent,
generating an isostatic uplift of the continental lithosphere (Figure 44).
This can naturally explain the slower thermal subsidence in the eastern flank
of the ridges with respect to the western flank, the contemporaneous uplift
of the continent to the east, and the tectonically active hinge between the
two settings (Figure 45), which could potentially explain some enigmatic
earthquakes such as the 1755 Lisbon event. Horizontal plate motions
are generally one or two orders of magnitude faster than the vertical
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Figure 40 Uninterpreted (above) and interpreted (below) Vs section, of Earth’s upper-
most 300 km, along the tectonic equator. EPR—Eastern Pacific Ridge, MAR—Mid-
Atlantic Ridge, IR—Indian Ridge. The upper asthenosphere contains the low-velocity
layer (LVZ), that is supposed to allow both for the decoupling between lithosphere
and underlying mantle and for the net rotation of lithosphere, i.e., first-order relative
eastward mantle flow or westward drift of lithosphere. Secondary flow could be related
to mantle obliquely upraised along oceanic ridges. Asymmetry between the two sides
of ridges is independent from the age (shown at the top in million years, Ma) of the
oceanic lithosphere. After Panza et al. (2010).

-200

-300

tectonic-related movements, e.g., 50 mm/year versus 0.5 mm/year
(Doglioni et al., 2007). This supports the fact that in geodynamics tangential
forces acting on an equipotential gravitational surface are stronger than the
vertical ones. With the aforementioned geodynamic models of subduction
and rift zones, we can define two different types of mechanisms capable
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Figure 41 First panel from the top: average ridge flanks bathymetry after Doglioni et al.
(2003). The average depth of western flanks compiled at mid-ocean ridges (black solid
line) is larger with respect to that of the eastern one (red (light gray in print versions)
solid line). For an easier comparison, the western flank is also reported on the eastern
side (black dash line) to emphasize the difference (about 100 m shallower close to the
ridge and 300 m more far away in the eastern limb with respect to the western one).
Second panel: Vs beneath the Mid-Atlantic Ridge (MAR) along the tectonic equator, af-
ter Doglioni et al. (2014). Data show an asymmetry between the western limb of the
MAR (thick lithosphere) and the eastern one (thin) and well delineate the low-
velocity zone (LVZ) between the lithospheric mantle (LID) and the upper asthenosphere
(between 100 and 200 km), LLAMA in Figure 1. Colors from light green (light gray in
print versions) to dark blue (dark gray in print versions) represent Vs in the range
from 4.3 to 4.7 km/s, respectively. Two lower panels: schematic oceanic rift with hypo-
thetic velocities of plates (a) and (b), relative to fixed mantle. The ridge moves west with
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Figure 42 Inferred kinematics of different particles of rocks along a ridge. Numbers
from 1—7 indicate progressive age evolution of the rock markers. Plates (a) and (b)
move with velocity Va and Vb, respectively. Vr is the velocity of the ridge; hs is the
half-spreading rate. Since the ridge is moving westward, new sections of undepleted
Iherzolitic mantle migrate “eastward”. Due to isostasy, the mantle upraises at the ridge.
Partial melting supplies magmas to generate oceanic crust of MORB composition. The
depletion of the residual mantle generates harzburgite, which is lighter than the fertile
mantle. The depleted mantle under the rift, while the ridge migrates laterally, is aban-
doned and spread into two volumes, one that moves back westward with plate a, and
the other that is overridden by plate b. Since, moving away from the ridge, the depleted
mantle cools down, it becomes LID, i.e., part of the LVZ becomes lithosphere. Depend-
ing upon the depth of the original pre-melting mantle, the LVZ is partitioned into
material flowing to produce new oceanic crust and new LID or it remains, as depleted
mantle or only partly depleted (4, 5, 6 yellow circles to the right), at the LVZ depth.
Therefore, the LID is nothing but cooled asthenosphere. The harzburgite composition
of the LID maintains the lower density of the lithosphere relative to the underlying
mantle. It is quite obvious that the positive buoyancy of the lithosphere does not favor
the initiation and progress of subduction, if driven by the slab pull alone. The lower red
arrows indicates that the mantle is relatively shearing eastward and the LVZ represents
the decoupling with the overlying lithosphere (after Chalot-Prat & Doglioni, (2015)).

<

velocity Vr. Lithospheric spreading at ridges triggers the uplift of undepleted mantle,
previously located to the west. In the melting area, mantle loses Fe, Mg, and other min-
erals to form oceanic crust, while the residual mantle is depleted. Since the melting area
moves west it gradually moves toward undepleted mantle and releases depleted
mantle to the east. This can explain the slightly shallower bathymetry of the eastern
limb and the observed asymmetry in seismic wave velocity. In this model, the differen-
tial velocity between plates is controlled by low-velocity layer viscosity variations that
generate variable decoupling between lithosphere and mantle. t1 and t2 are two time
stages. Modified after Doglioni et al. (2005).
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Figure 43 The European continental lithosphere underwent a generalized uplift since
the Paleogene, except along rift and foredeep zones. Within the same plate, the thermal
subsidence in the Atlantic Ocean has been contemporaneous with the uplift of conti-
nental Europe. A fault-hinge area separating the two realms is needed along the passive
continental margin. Subsidence and uplift signs represent both present and past verti-
cal qualitative trends. MAR, Mid-Atlantic Ridge. After Carminati et al. (2009).

to generate uplift or subsidence: (1) shortening or stretching of the crust—
lithosphere associated with faulting and folding, related erosion, or sedimenta-
tion, etc., and (2) uplift or subsidence due to compositional or thermal variations
such as the underlying transit of a depleted or more fertile mantle, or the cooling
of the oceanic lithosphere, i.e., density-related modifications (Figure 46). Each
geodynamic environment has its different rates as a function of the polarity
with respect to the westward drift of the lithosphere relative to the mantle.

5. MEDITERRANEAN GEODYNAMICS

The Mediterranean, where the preconception of N—S compression
between Africa and Europe in the Tertiary has been at the base of the
formulation of many unconvincing geodynamic models, represents a
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Figure 44 Cartoon describing the long-term 300—600 m uplift process of Europe. The
phenomenon is generated by the eastward shift of the depleted lighter asthenosphere
from the ridge beneath the continental lithosphere. After Carminati et al. (2009).

challenge for plate tectonics. The dominant motion along Atlantic transform
faults that track Africa and Europe motion is E—W, therefore similar direc-
tion of motion must have been the one in the Mediterranean. A dominant
N—S compression between the two continents is not compatible with the
opening of the western Mediterranean and Tyrrhenian oceanic basins
(e.g., Doglioni, 1991; Gueguen, Doglioni, & Fernandez, 1998; Malinverno
and Ryan, 1986; Panza & Calcagnile, 1979; Rehault, Boillot, & Mautftret,
1985). Effects of an N—S (or NW—SE) compression are seen in the Pyre-
nees, in East—Central Alps, and in the Atlas and can be naturally explained
as the result of local rotations or of local body forces, some of them origi-
nating from upper mantle heterogeneities, capable to modify the local stress

l hingeT I/JAPLIFT

frica

SUBSIDENCE

MAR SE Atlantic

Figure 45 The passage of a depleted mantle under the ocean slightly decreases the
thermal subsidence of the basin, but it determines an uplift of the continental area.
Therefore, the ocean—continent boundary of the eastern Atlantic is a tectonically active
(even though seismicity is very sporadic, but tragically represented by 1755 Lisbon
earthquake) hinge zone that separates subsiding and uplifting regions.
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Figure 46 Summary of the main mechanisms and rates of vertical movements (both
uplift and subsidence) as a function of the geodynamic setting. In red (black in print
versions) are represented movement directly associated to deformation, such as
stretching and shortening, whereas blue (light gray in print versions) arrows show mo-
tions associated with density variations due to either thermal cooling (oceanic subsi-
dence) or mantle compositional depletion (intracontinental uplift).

field. Some of this NN'W-SSE convergence may really be ascribed to the
Africa Eurasia convergence, but it has been shown that this convergence
is four to five times smaller than the west to east migration of the western
Mediterranean (Gueguen et al., 1998). Therefore, since inertial forces in
geodynamics are negligible (Turcotte & Schubert, 1982), the N—S conver-
gence between Eurasia and Africa is an ancillary component of the Mediter-
ranean geodynamics. Additional complications are given by subrotations of
plates or microplates. In East—Central Alps the dextral transpression has been
likely disturbed by the CCW rotation of the lonian—Adria plate, which in
the Neogene is responsible of N—S compression in the Eastern Alps and a
simultaneous dextral transpression in the Dinarides. The geodynamics of
the Mediterranean has been controlled by inherited lithospheric heteroge-
neities generated by the Mesozoic Tethyan rifting that controlled the
location and polarities of the later Meso—Cenozoic subduction zones, the
Alps—Betics, the Apennines-Maghrebides, and the Dinarides—Hellen-
ides—Taurides. Closely related to the Mediterranean geodynamics are the
Carpathian subduction (Vrancea zone) and the Pyrenees.

In Iberia, the Vs model of the lithosphere—asthenosphere system (LAS)
shows the almost constant velocity in the uppermost mantle beneath the
Iberian Massif, the well-developed LVZs in the Valencia trough and under
northwest Africa, and specific features of the upper mantle layering in the
zone of the Iberian range. The thickness of the crust varies between 25
and 35 km with exceptions in the zones of the Valencia trough (11—
18 km) and Pyrenees (35—45 km). These models are well correlated with
the geological structure along TRANSMED [ geotraverse (Cavazza, Roure,
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Spakman, Stampfli, & Ziegler, 2004) and evidence several features of the
LAS in the Betic—Rif domain: quite distinct Iberian, Alboran, and Meseta
crustal domains; relatively thin lithosphere under the Rif system; clearly
defined boundary between the upper and lower asthenosphere (Raykova
& Panza, 2010).

The Vrancea region is a further remarkable site of intracontinental
intermediate-depth seismicity associated to the ongoing southeastern margin
of the W-directed Carpathians subduction zone (Ismail-Zadeh et al., 2012;
Oncescu & Trifu, 1987; Oncescu & Bonjer, 1997; Raykova & Panza,
2006). A large set of geological, geophysical, and geodetic observations has
been accumulated in the last few decades and utilized to improve the knowl-
edge of the shallow and deep structures beneath Vrancea, the crust and mantle
dynamics, and the link between deep and surface processes in the region. Ac-
cording to Carminati and Doglioni (2005), the Carpathians (and Vrancea) had
an evolution similar to that of the Apennines, where W-directed subduction
initiated along the retrobelt of a preexisting orogen associated to E- (or NE-)
directed subduction (the Alps for the Apennines and the Dinarides for the
Carpathians). In this interpretation, the Vrancea seismicity might be the result
of stress generation due to still active subduction (Ismail-Zadeh, Panza, &
Naimark, 2000). This is coherent with the Pleistocene magmatism in the Pan-
nonian and Transylvania backarc basins (Harangi & Lenkey, 2007; Seghedi
etal., 2011). The subduction is hanging in an eastward mantle flow (Doglioni,
Harabaglia, et al., 1999), which is triggering its rollback and is enhanced by
the negative buoyancy (if any) of the subducted oceanic lithosphere, of the
Outer Carpathians slab, during the closure of the Ceahliu—Severin Ocean.
The seismic gap, in the depth range from about 40 km to about 60 km
(Ismail-Zadeh et al., 2000) in the slab may well be interpreted as the boundary
between the subducted oceanic lithosphere, and the inherited subducted pas-
sive continental margin, which intrinsically has a shallower termination of its
brittle properties (Carminati, Giardina, & Doglioni, 2002).

The Ionian—Adria plate is an example of the same plate subducting with
different styles, both W-directed and NE-directed. The subduction angle
and the different geologic signatures of Ionian—Adria plate depend only
on its orentation. The amount of relative N—S Africa—Europe relative
motion seems to have been about five times slower with respect to the east-
ward migration of the Apennines arc which migrated eastward by about
600 km during the last 30 Ma, i.e., about 4 mm/year versus 20 mm/year
(e.g., Gueguen, Doglioni, & Fernandez, 1997). Geodetic data confirm
that the main directions of Africa and Europe motion are NE-directed in
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the NNR reference frame (e.g., Nasa GPS time series Web page). The ar-
chetypes of the opposite subduction zones can be recognized when
comparing the Apennines (W-directed) and the Alps (E—SE-directed slab)
as shown in Figure 47. The Apennines have single vergence, low elevation,
deep foredeep, and a steep foreland regional monocline; in the Apennines
the accretionary prism is mostly composed by shallow rocks of the lower
plate, the backarc basin, partly floored by oceanic crust, is fully developed
and a new Moho is formed in the hanging wall of the subduction zone.
The Alps, on the other side, are a double verging orogen, and they show
high morphologic and structural elevation, two shallow foredeeps, shallow
foreland regional monocline, and deep decollements involving the whole
crust and lithospheric mantle (Carminati & Doglioni, 2012; Carminati,
Lustrino, & Doglioni, 2012; Panza, Raykova, et al., 2007). In the Apen-
nines the subduction hinge is diverging relative to the upper plate (apart
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Adriatic Plate
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C pre-subduction Moho
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Figure 47 Synoptic comparison of two sections of the Southern Apennines (Scrocca,
Carminati, & Doglioni, 2005) and the northwestern Alps (Escher & Beaumont, 1997).
In the Apennines single vergence and backarc rifting in the hanging wall of the subduc-
tion zone are clearly visible. The accretionary prism is mainly composed of shallow up-
per crustal layers of the lower Adriatic plate. A new Moho formed in the hanging wall of
the subduction zone. The Alps are instead a double verging orogen where two litho-
spheres with presubduction Mohos are doubled and thickened. The orogen deeply
involved basement rocks and is no associated to backarc rifting. These differences
mimic the same asymmetries that can be recognized worldwide when comparing
accretionary prisms or orogens associated to W-directed versus E- (or NE-) directed sub-
duction zones, respectively.
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in Sicily), whereas in the Alps the hinge converges (Figure 48). In the
Apennines, the accretionary wedge is even lower with respect to the fore-
land, whereas in the Alps it is always the opposite (Figure 48). The Apen-
nines have low elevation, the amount of erosion is limited to few
kilometers, and the most elevated area is affected by stretching. The oppo-
site occurs in the Alps that are more than twice higher, but when reposi-
tioned the eroded material, their structural elevation is of few tens of
kilometers; moreover the area of uplift corresponds to contraction at depth,
even if some superficial stretching may occur (Figure 49). As a global signa-
ture, in the Apennines the foreland regional monocline is more than twice
steeper than in the Alps, which paradoxically are more elevated (Mariotti &
Doglioni, 2000). In fact the dip B of the foreland regional monocline in the
Apennines beneath the accretionary wedge front may be between 6° and
22°; these are the lowest values occurring along recesses of the thrust
belt front. In the Alps the dip is around 2°—8° (Figure 50). The opposite
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Figure 48 Seismic sections of the Alps (Transalp, 2002), top and of the Apennines, bot-
tom (Doglioni et al., 2007). Note the Alpine double vergence vs the single Apennines
vergence, where the prism is even deeper than the foreland and followed by extension
to the left. L, lower plate, H, subduction hinge, U, upper plate. In the Alps, H migrates
toward the upper plate, whereas, in the Apennines, it moves toward the lower plate
faster than the upper plate. The Adriatic plate is the upper plate for the Alps, while it
is the lower plate for the Apennines. The E—W segment of the Alps formed under
right-lateral transpression. Thrusts and decollement planes in the Alps deeply affect
the entire upper and lower plates; in the Apennines the prism involves the shallow
layers of the lower plate and the prism subsides.
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Figure 49 In the Alps the mean topography is more than twice that of the Apennines.
The structural elevation of the Alps (i.e., the hypothetical elevation without erosion) is
even more pronounced and exceeds by a factor of 5 that of the Apennines. Alps and
Apennines represent good, even though complex examples, of the two end members
of the subduction style, i.e., the elevation is similar to the structural elevation in the
W-directed subduction zone of the Apennines, whereas the topography is much
smaller than the structural elevation in the Alps. Moreover, in the internal part of the
Apennines there may be the inherited relic of the preexisting Alps, with a pre-
Apennines topographic and structural elevation characteristic of the alpine system,
stretched and collapsed within the Tyrrhenian backarc basin. In the Apennines accre-
tionary prism, shortening is paradoxically located in the area of largest subsidence,
close or beneath the foredeep. The remaining portions of the belt (to the west) are
rather uplifting while stretching. Along the western margin of the Apennines, uplift
decreases and switches to subsidence in the Tyrrhenian backarc basin. The Alps are
rather characterized by diffuse contraction (with only some extension parallel to the
strike of the belt and possibly associated with local culminations of structural highs)
and the belt is entirely uplifting, apart in the two adjacent foredeeps (in the forelands
of the forebelt and of the retrobelt). Modified after Carminati and Doglioni (2012).

is for the structural envelope a to the prism, which is steeper and rising
toward the hinterland in the Alps. The result is that the Apennines, in spite
of being low elevated, have a very deep foredeep, whereas the Alps have
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Figure 50 The foreland regional monocline in red (8) is steeper beneath the Apennines
accretionary prism with respect to the Alps. Note the opposite behavior of the struc-
tural envelop in blue (light gray in print versions) («) that is inclined toward the interior
of the belt in the Apennines with respect to the Alps, where it is steeper and rises
toward the hinterland. This asymmetry is a global feature where the steep foreland
regional monocline and the shallow envelop pertain to W-directed subduction zones,
whereas the opposite setting is typical of E- (or NE-) directed subduction zones.

two shallow foredeeps, even if they are much more elevated and have a
much faster exhumation rate because the decollements planes are deeply
rooted in the crust. This explains why the Alps have much wider outcrops
of basements rocks with respect to the Apennines (Figure 51).

The Apennines and the Alps formed at the margins of the same plates:
between the Ionian—Adria plate to the E or SE, and the European plate
to the W or NW. The two orogens are diachronous and have very difterent
rates of evolution. The Apennines subduction formed during the last 30—
40 Ma. In contrast, the Alpine subduction began during Early Cretaceous
(140—100 Ma). The Alps are more elevated with respect to the Apennines
and have a much higher structural relief as also indicated by the outcrops of
high-grade metamorphic rocks. Erosion eliminated a large part of the
uplifted thrust sheets, which would have reached some tens of kilometers
of altitude if they had remained in place. The Apennines, on the other
hand, have extensive outcrops of sedimentary cover (Carminati and
Doglioni, 2012), and only a few scattered outcrops of metamorphic rocks,
mainly relics of the earlier Alpine phase. In contrast with the Alps, the Apen-
nines did not have a thick pile of tens of kilometers of nappes that were
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Figure 51 The asymmetry between Alps and Apennines is well marked by their respec-
tive foredeeps. In spite of the much higher elevation, the Alps have two shallow and low-
subsiding foreland basins. The Apennines have one deep, fast subsiding, foreland basin.
In cross section, the area of the Alps is larger than the area of the foreland basins. This
explains why those basins have rapidly been filled and bypassed. In the Apennines the
area of the belt is rather smaller than the foredeep, where deep water conditions have
been maintained for longer period than in the Alps. Most of the filling of the Apennines
foreland basin is supplied by the Alps. The Apennines have a steeper foreland regional
monocline and a few scattered outcrops of basement rocks, which are interpreted as
relics of the earlier alpine belt to the west. The Alps evolved growing both vertically
and bilaterally. The Apennines rather developed mainly laterally and “eastward,” with
minor uplift related to the relatively shallower depth of the basal decollement of the
accretionary prism. The interpretation of this asymmetry is ascribed to the “eastward”
mantle flow, implicit in the net rotation of the lithosphere or “westward drift” phenom-
enon. The origin of the foredeeps in the Alps is favored by the load of the belt, but con-
trasted by the sustaining mantle flow. In the Apennines, where the load of the belt is
insufficient to explain the subsidence, the mantle flow determines the retreat of the
slab, and the consequent subsidence at its hinge. After Carminati and Doglioni (2012).
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eroded. Moreover a backarc basin, i.e., the Tyrrhenian Sea, formed only to
the west of the Apennines. Another unexpected difference between the
Apennines and the Alps is that paradoxically the Alps have a shallow fore-
deep with low subsidence rates, in spite of the higher topographic relief
and consequent higher lithostatic load compared to the Apennines. In the
Alpine foredeep, the Oligocene base reaches a depth of 4000 m (Doglioni,
1994). Subsidence rates in the Alpine foreland range from 0 to 200 m/Ma.
The Southern Alps are the retrobelt of the Alpine orogen. The Southalpine
foredeep subsided at rates that rarely exceeded 300 m/Ma, as determined
dividing the total thickness of the flysch and molasses deposits by the dura-
tion of the deposition (2—6 km of sediment deposited in 15—40 Ma or
more).

Contrary to the Alps, the Apennines have a very pronounced foredeep;
the Pliocene base reaches 8.5 km, indicating subsidence rates of 800—
1600 m/Ma. Much of the Apenninic foredeep is located on top of the accre-
tionary wedge, not to its front. Thus, the so-called piggyback basin is often
the foredeep for the Apennines. Clastic material in the Apennines is pro-
vided not only by their ridge but also by the Alps and Dinarides surrounding
the Tonian-Adria plate. Moreover, the average area of the elevated ridge of
the Apennines above sea level, from the water divider eastward, is 40 km?;
the area of the foredeep is 180 km?, so the ratio is 0.22:1. This ratio is always
<1 in all W- (or SW-) directed subduction settings (Doglioni, 1994). The
average area of the entire Alpine orogen above sea level is about
300 km?, and the sum of the areas of the foredeeps of the frontal and
back thrust belts is estimated as 150 km?. Thus, the ratio of the area of
the orogen to the area of the foredeeps 1s 2:1. As a rule this ratio is >1 in
thrust belts related to E (or NE-) directed subduction.

It is from the studies of the Alps that the terms flysch and molasse were
introduced and describe early and later stages of foredeep filling. Flysch and
molasse are in general synonymous with deep and shallow clastic facies,
respectively. The initial stages of subduction occurred when there was a
deep-water environment collector for turbidites coming from the uplifting
and eroding wedge. The foredeep was quickly filled, however, because the
amount of sediment coming from the orogen was much larger than the ac-
commodation space in the foredeep. As a consequence, the foredeep
changed to molasse shallow-water conditions, and once the basin was filled,
the foredeep was bypassed, and clastic sedimentation occurred in remote
areas: for the Alps, in the Rhone and Po deltas, and in the North sea and
the Black sea, by means of the Rhine and Danube rivers, respectively.
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This bypassing occurred because the subsidence rate in the foreland basins
around the Alps was insufficient to keep the sediments coming from the
orogen. Therefore Alps and Apennines may be considered two different
end members of thrust belts. However, the Apennines developed east of
the southward continuation of the present-day Alps. In fact, in the hanging
wall of the Apennines subduction there are boudinated remnants of the
alpine belt, stretched by the extension of the Apennines backarc, well visible
in the uppermost mantle as well (Brandmayr et al., 2011). Therefore, within
the western internal parts of the Apennines there should be the record of the
alpine evolution with alpine rocks of both the frontal thrust belt (e.g.,
Corsica) and the retrobelt (e.g., Cervarola Front? Doglioni et al., 1998).
The origin of the two distinct foredeeps can be ascribed to the westward drift
of the lithosphere; in fact the W-directed subductions may be anchored into
the easterly moving mantle, thus resulting in slab retreat, hinge divergence
relative to the upper plate and fast subsidence in the foredeep. E- or
NE-directed subductions are rather dipping in the same direction of the
mantle flow, which sustains the slab and contrasts the load of the upper plate,
thus inhibiting its subsidence (Figure 51) and the subduction hinge con-
verges relative to the upper plate. The steep foreland regional monocline
in the Apennines is synonymous of fast subsidence rates (>1 mm/yr), which
implies that along the salients of the accretionary prism front, the uplift of
some anticlines may be slower than the subsidence, resulting in a negative
fold total uplift (Doglioni & Prosser, 1997). In other words, while the
fold forms, it subsides because the regional subsidence overwhelms its uplift
(Figure 52). This setting is particularly promising for hydrocarbon explora-
tion because the anticlines are not eroded and may be sealed by shaly forma-
tions to form traps and plays. In fact several oil or gas fields in the external
Apennines occur in such setting. The Apennines are accompanied by the
backarc spreading to the west, which started in the western Mediterranean
in the Eocene—Oligocene, and migrated eastward, boudinating the preex-
isting lithosphere.

The Provencal, Algerian, and Tyrrhenian basins are floored or partially
floored by oceanic crust with an age progressively younger, moving east-
ward (Carminati & Doglioni, 2005; Carminati et al., 2012; Gueguen
et al., 1997, 1998). The backarc area is characterized by widespread uplift
of the asthenosphere (Panza et al., 2007) and high heat flow values
(Figure 53). The Adratic plate subducts W-ward beneath the Apennines
and NE-ward beneath the Dinarides (Figure 53), whereas it overrides the
European plate in the Alpine subduction zone. The Apennines are about
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Figure 52 Comparison between the Apennines and Dinarides—Hellenides front in the
northern lonian Sea. The deepest foredeep is along the Apennines subduction and the
highest structural elevation is in the Hellenides front. The Apennines front has negative
fold-total uplift, whereas in the Hellenides it is positive. The fold-total uplift may be
defined as the single fold uplift rate and the regional subsidence. This value can be
either positive or negative. This last case may occur along the front of W-directed sub-
duction zones where the subsidence rates may be faster than the fold uplift rate. M,
Messinian. After Doglioni et al. (1999b).

30—40 Ma old, whereas the Alps possibly started more than 100 Ma ago.
The Alps continued southwestward in Corsica and the Betics and were later
stretched in the Apennines backarc basin. The basements rocks dragged in
the Tyrrhenian basin and outcropping in Calabria and other smaller areas
of the western Apennines represent remnants of the southern prolongation
of the Alps eventually transposed and incorporated in the internal boudi-
nated part of the Apennines.

The Atlantic subduction zones such as the Barbados and Sandwich arcs
developed only where the northern and southern American continents nar-
row (Figure 31). They initiated along the retrobelt of the American Cordil-
lera where there was oceanic lithosphere in the foreland to the east able to be
subducted (Doglioni et al., 1999a). Similarly, the Apennines can be inter-
preted as a subduction zone initiated along the retrobelt of the Alps
(Carminati & Doglioni, 2005; Carminati et al., 2012), where in their
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Figure 53 Geological and geophysical (absolute tomography) cross section across the
central Mediterranean (Transmed Ill). (After Carminati, Doglioni, and Scrocca (2004) (top)
and Panza, Raykova, et al. (2007) (bottom).) The subduction hinge diverges from the up-
per plate along the Apennines subduction while converges relative to the upper plate
in the Dinarides. In the Apennines the slab retreat relative to the upper plate opened a
backarc basin with the consequent uplift of the asthenospheric mantle, well delineated
by absolute Vs tomography.

retrobelt there was a remnant of the ocean or thinned continental litho-
sphere inherited by the Mesozoic Tethyan rifting (Figure 54). During the
subduction rollback, the backarc migrated eastward as testified by the mag-
matism and the progressive younging of the syntectonic sediments (Gueguen
et al., 1998). The lithosphere was stretched and the boudins show a basal
shear, being their roots displaced to the east with respect to the surface
morphology (Figure 55). On account of the large averaging volumes
involved in such kind of anisotropy measurements, this can be ascribed to
the relative eastward mantle flow, also responsible for the dominant E—W
trend of seismic anisotropy of the area described by Lucente, Margheriti, Pir-
omallo, and Barruol (2006). In Figure 55 the seismic anisotropy becomes par-
allel to the strike of the Apennines slab, suggesting that the mantle flow is
encroaching an obstacle and the olivine crystals are elongated parallel to it.
The cross section of Figure 56 illustrates the present setting along the
Crop-03 seismic reflection profile of the northern Apennines, with the fron-
tal accretion in an area characterized by dominant subsidence, the uplift of the
main backbone of the Apennines undergoing extension, and the subsidence
in the remaining western side. Along the transect of Figure 56, uplift and sub-
sidence have different origins which can locally interfere. Within the core of
the Apennines there is the relict of the inherited preexisting Alpine double
verging orogen that has been boudinated particularly by eastward dipping
normal faults (Figure 56) generated during the slab retreat (Figures 57 and
58). The Apennines accretionary prism is located only to the east of the
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Figure 54 According to the Atlantic examples, the Apennines subduction zone might
have initiated along the retrobelt of a preexisting opposite (NE-directed) subduction
zone such as the Alps (marked in the green (dark gray in print versions) area). The sub-
duction and its hinge H retreated “E”-ward since about 40 Ma to the present position.
The larger salient of the Apennines—Maghrebides arc is located in the lonian basin
where relatively more subduction-prone lithosphere should be present. The amount
of retreat is about five times larger than the N—S convergence of Africa. Such contrac-
tion represents an independent and secondary mechanism that acts on the Apennines
subduction system. After Doglioni et al. (1999a).

Alpine-inherited body, supporting the notion that the Apennines subduction
developed along the retrobelt of the Alps in its eastern foreland where there
was oceanic or thinned continental lithosphere to be subducted as for the
Atlantic subductions (Doglioni et al., 1999a). The slab retreat includes deep-
ening of the slab and shearing at its margin. Therefore, the shear at the top of
the subduction is transferred upward to the frontal accretionary wedge,
determining the decoupling and accretion of the shallow layers of the down-
going plate (Figure 58, left panel). Note the displacement marked by the
white arrows of the two markers in the slab and in the shearing mantle asso-
ciated to the eastward migration of the hinge H (Figure 58, right panel). This
explains the generation of tectonic accretion without contact and collision
between the upper and lower plates. Based on these evidences and the afore-
mentioned models, a kinematic reconstruction of the Mediterranean geody-
namics indicates two “easterly directed” subduction zones (Alps—Betics and
Dinarides—Hellenides) along whose retrobelts developed two “westerly
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Figure 55 In the western Mediterranean section, large-scale boudinage of the litho-
sphere in the backarc extensional setting, which developed particularly in the last
30—40 Ma, and the E-ward migration of the extension and the related basins are clearly
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directed” subduction zones (Apennines—Maghrebides) as schematically illus-
trated in Figure 59. The W-directed slabs are accompanied by two backarc
basins (western Mediterranean and Pannonian Basin).

Disproving the observation that backarc basins form primarily in the
hanging wall of W-directed slabs, the Aegean basin is usually considered a
backarc basin as well. However, its origin is not related to the replacement
of a retreating lithosphere by the asthenosphere. In fact the Hellenic slab is
very shallow (Christova & Nikolova, 1993) and the overlying rifting is rather
the result of the differential faster advancement of the Hellenic lithosphere
over the Africa plate with respect to the Anatolian lithosphere. Therefore,
extension is needed between Greece and Turkey, but the stretching had
lower rates as demonstrated by the still thick continental crust—lithosphere
in the Aegean Sea in spite of a subduction system active since the Cretaceous
(Agostini, Doglioni, Innocenti, Manetti, & Tonarini, 2010). In the
Tyrrhenian Sea, the backarc basin generated oceanic crust is about 10 Ma.
Therefore, the rifting in the Aegean basin is not related to the loss of a
retreated lithosphere relative to the upper plate as in the Tyrrhenian—
Apennines or Pannonian—Carpathians systems, but it can rather be
explained by the faster advancement of the Hellenic lithosphere over the
Africa plate with respect to the slower Anatolia—Cyprus SW-ward motion
over the same Africa plate (Agostini et al., 2010). In the eastern Mediterra-
nean upduction is a preferable term to describe the main geodynamic pro-
cess going on there. Below geotraverse TRANSMED VII (Cavazza et al.,
2004) the convex asthenosphere interface (El Gabry et al., 2013) is consistent
with the flow of a portion of lower mantle material, sucked from below in
the wake left by the ongoing upduction (exhumation) of the lonian—Adria
portion of the African plate (Doglioni et al., 2009). This is consistent with

seen. The underlying mantle flow is required to compensate for the slab retreat. The
heat flow maximizes in the most recent and wide Tyrrhenian—Marsili basin. (After
Gueguen et al, 1997; Zito, Mongelli, De Lorenzo, & Doglioni, 2003). The cartoon is well
consistent with the results described by Brandmayr et al. (2010, 2011) about the Vs
and p in the ltalic region. The trace of the section is marked in light gray in the under-
lying map view, (modified after Lucente et al. (2006)), where a comparison between
P-wave velocity anomalies at 150 km depth (Piromallo & Morelli, 2003) and SKS splitting
measurements in the western—central Mediterranean area is shown. The inferred flow
pattern from west to east marked by the thick dashed black line, envelopes some SKS
splitting measurements. The seismic anisotropy deviates when encroaching the Apen-
nines slab where it becomes parallel to its strike, suggesting a flow perturbed by an
obstacle.
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Figure 56 Schematic geological section through the Apennines—Tyrrhenian Sea sys-
tem along the Crop-03 profile. The cartoon is well consistent with the results described
by Brandmayr et al. (2010, 2011) about the Vs and p in the Italic region. It is noticeable
the Moho doubling below the Val Tiberina with a shallower new Tyrrhenian Moho, at
about 20 km, above a deeper presubduction in age Adriatic Moho, at about 52 km.
According to these constraints, most of the Adriatic crust should be subducted below
the northern Apennines accretionary wedge that, in turn, is mainly made up of stacked
units of sedimentary cover off-scraped from the subducting plate. The double verging
Alpine orogen (dotted) is stretched by the backarc extension related to the Apennine
subduction. The metamorphic rocks outcropping in the Apennines may be interpreted
as related to the Alpine type evolution, which implies deeper decollement planes,
affecting both the upper and the lower plates. According to the model presented, in
their western side the Apennines contain the boudinated relicts of the earlier Alpine
orogen. The Apennines subduction should have developed along the retrobelt of
the Alpine belt. After Carminati et al. (2004).

the down-dip tension of the seismicity. On the other side, in the Cyprian
arc, the mantle structure (Vs and p) seems to indicate a less advanced
ongoing process of upduction than in the Hellenic arc, well in agreement
with the direction of motion of the Anatolian plate relative to the African
and Hellenic plates, both in the deep and shallow reference frames. The
stress pattern inferred from fault plane solutions (Papazachos, Karakostas,
Papazachos, & Scordilis, 2000) is well consistent with down-dip extension
within the upducting plate. The NE-directed Hellenic—Cyprus subduction
(upduction) is a good example for the E- (or NE-) directed subduction
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Figure 57 Subsidence rates in the northern Apennines foreland, determined by the
depth of the Tyrrhenian (MIS 5.5) layer cored mostly along the gray line running on
the coast, are displayed in the top panel. These rates indicate relatively faster subsi-
dence in the southwestern part of the profile, i.e, an asymmetric active subsidence.
The dip of the regional monocline in the northern Adriatic Sea recorded the relatively
faster subsidence at the southwest end and it can be explained by the north—eastward
slab retreat of the Adria, as shown in the lower panels. After Cuffaro et al. (2010).
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Figure 58 Kinematic model for the coexistence compression—extension of W-directed
subduction zones as the Apennines. The extension in the hanging wall of a W-directed
subduction may be attributed to the slab retreat relative to the upper plate. The short-
ening in the accretionary wedge can be explained as related to the shear between the
downgoing and retreating lithosphere and the eastward compensating upper mantle.
The displacement is transferred upward and peels-out the cover from the foreland lith-
osphere. Note the different trajectory of the two black spots in the asthenosphere and at
the top of the slab. (After Doglioni et al. 1999a). The coexistence compression—extension
in the Apennines domain is well consistent with the viscoelastic models of LLAMA
formulated by Aoudia et al. (2007) and Ismail-Zadeh, Aoudia, and Panza (2004; 2010).

zones. Directed opposite to the direction of motion of the African plate, the
apparently subducted slab has a gentle angle of dipping and shallow depth of
penetration ~220 km unlike to W-directed subduction zones that are
steeper and can be seismically active till ~600 km of depth. Further studies
taking into account both kinematic models and tomographic studies are
undoubtedly necessary to refine the model supplied here about the nature
of the subduction zones and the plate-driving forces, but what reported
here casts well-rooted doubts on the role of slab break-oft in the control
of the geodynamic activity throughout the Aegean—Anatolian domain start-
ing in latest Mliocene to early Pliocene time evoked by Schildgen, Yildirim,
Cosentino, and Strecker (2014).

The gravity anomalies of the Apennines and Alps subduction zones have
been inverted jointly with the seismic velocity and it appears that the slabs
are lighter than the hosting mantle (Figure 60). This observation precludes
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the negative buoyancy of the slab (slab pull) as the driving force both for sub-
duction and plate motion (Brandmayr et al., 2011). Therefore, the asymme-
try between the W and E classes of subduction zones that is visible
worldwide is confirmed in the Mediterranean subduction zones and it
may be attributed to the westward drift of the lithosphere relative to the
mantle. In fact, the present seismogenic W-directed slabs such as the Tyrrhe-
nian (under Calabria) and Carpathians (under Vrancea) are very steep
(between 70° and 90°), whereas the NE-directed Hellenic slab is dipping
only 15°—20°. This asymmetry is identical, in practical terms, to the one
observed when comparing west and east Pacific subduction zones
(Figure 61). However, while in the Pacific a different age of the subducting
lithosphere was invoked to explain the different dip of the slabs, beneath the
Apennines and Hellenides the same Ionian lithosphere is subducting. There-
fore, regardless the Ionian lithosphere is oceanic (Catalano, Doglioni, &
Merlini, 2001) or thinned continental (Calcagnile et al., 1982; Farrugia &
Panza, 1981) it is a lithosphere with the same composition and thermal state
that is subducting in both sides beneath the Apennines and Hellenides.
Therefore, the different dip between Apennines and Hellenides slab must
be rather related to the different relationship between slab and mantle
dynamics (Agostini et al., 2010). In fact, like in the Pacific subduction zones
(e.g., Castle & Creager, 1998; Vassiliou, Hager, & Raefsky, 1984), the intra-
slab focal mechanisms of the W-directed slabs show dominant down-dip
compression, whereas the opposite E- or NE-directed slabs generally
show down-dip extension (Figure 62). This observation is coherent with
the kinematics of the lithosphere relative to the mantle implicit with the
notion of the westward drift of the lithosphere; W-directed slabs are some-
what pushed down, whereas E- or NE-directed slabs are rather shifting
westward relative to the mantle, hence moving “out” of it (Figure 63).
This relative motion of the Hellenic (or other E- or NE-directed subduction
zones) with respect to the mantle should generate upraise of the underlying
mantle. This process can naturally explain the high-velocity body that is
often detected associated to such subduction zones. This high-velocity
body is usually assumed as the slab continuation at depth beneath Greece
and South America subductions, even if it is practically aseismic, three to
four times thicker than a “standard” slab and has a quite large dip. While
the very scarce seismicity illuminates with some confidence the “slab” posi-
tion, the relative mantle tomography may be misleading and suggest the false
presence of a slab (Figure 64). Let us consider, for example, the case schema-
tized in section a of Figure 63. The plate motion of Africa, Greece, and
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Figure 59 Kinematic reconstruction of the Mediterranean geodynamics during the last
45 Ma. (After Carminati and Doglioni (2005).) The W-directed Apennines and Carpathians
subductions enucleated along the retrobelt of the preexisting Alpine and Dinarides
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Anatolia relative to the deep hot spot reference frame (Figure 63(d)) shows
that Africa moves westward faster than the underlying mantle and escapes
from the subduction, i.e., it is upducting, as schematized in Figure 63(c).
The westward or south—westward motion of Africa and its Hellenic slab
would be even faster in the shallow hot spot reference frame (Doglioni
et al., 2007). The short inclined arrows in Figure 63(a) indicate, on the other
side, the possible flow of a portion of lower mantle, sucked from below (the
tectonic syringe). Such a process is made possible by the wake left by the slab
in its upduction (mantle exhumation) motion (Doglioni et al., 2009).
Therefore, the upduction seems a much more natural process, consistent
with the tomographic image, than the subduction of a slab, with rather com-
plex shape. Similar conclusion can be reached considering the other sections
given by Spakman, Wortel, and Vlaar (1988). In fact, when plate motion is
considered relative to the hot spot reference frame, the Adria/Ionian plate
moves out of the mantle (upduction). Such a possibility is well consistent
with the tomographic images and gravity inversion in eastern Mediterranean
(El Gabry et al., 2013). As shown in Figure 63(c), the white dot moves left-
ward relative to the underlying black dot in the mantle and subduction oc-
curs because the dark gray dot, in the upper plate, moves leftward faster than
the white dot in the slab. The subduction rate is the convergence minus the
orogenic shortening. With different velocities, the upduction concept is
applicable, in the shallow hot spot reference frame, to the AS as well.

This kinematic evidence of upducting slabs casts serious doubts on the
slab pull as the dominant driving mechanism of plate motions. Moreover,
the interpretation of relative mantle tomography (Foulger et al., 2013)
that supports the slab detachment idea relies on the very stringent assump-
tion that the chemical composition of the mantle is quite homogeneous
and therefore the velocity variations are dictated by thermal anomalies. In

<

belts, respectively. Blue (dark gray in print versions) lithosphere is oceanic. In the map,
the brown (gray in print versions) and orange (light gray in print versions) colors corre-
spond to the alpine and dinaric belts, respectively. The evolution of the Mediterranean
along the gray trace shown on the map is the result of three main subduction zones: (1)
the early eastward-directed Alpine subduction; (2) the Apennines subduction later
switch along the Alps retrobelt; (3) the Dinarides—Hellenides subduction. The last
two slabs retreated at the expense of the inherited Tethyan Mesozoic oceanic or
thinned continental lithosphere. In their hanging walls, a few rifts formed as backarc
basins, which are progressively younger toward the subduction hinges. The slab is
steeper underneath the Apennines, likely owing to the westward drift of the litho-
sphere relative to the mantle.
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Figure 60 Two cross sections of the Tyrrhenian—Apennines backarc-subduction sys-
tem (uppermost 350 km) that show the absolute Vs tomography and the inverted den-
sity model. Vs distribution is given by the color scale while continuous contour lines
refer to p (g/cm3). Both sections show that in the slabs (lid—LVZ margin marked by
white dots) the velocity is higher than in surrounding (ambient) rocks. The isodensity
lines (g/cm?) are deflected downward, therefore the Apennines W-directed slab is ligh-
ter than the ambient mantle. As a consequence, the subduction is not driven by slab
pull, being the slab positively buoyant. Seismicity (red (gray in print versions) dots)
and focal mechanisms of major events of the past 20 years (beach balls are plotted
in map view) are shown as well. In section A the mantle velocity is higher in the
lonian—Adria plate than in the Tyrrhenian basin. A prominent negative density anom-
aly characterizes the subducting slab and the Sardinia—Corsica block, whereas a posi-
tive anomaly characterizes both the active Tyrrhenian, with a 3.3 g/cm? density at about
60—70 km of depth, and the lonian mantle, with a 3.3 g/cm® density reaching about
80 km of depth and a 3.4 g/cm® density at about 170 km of depth. Section B,
Sardinia—Balkans section, partly covers also the NE-directed Dinarides subduction.
The prominent positive density anomaly found below the Tyrrhenian Sea, where the
asthenosphere is uplifted in the backarc basin, confirms that the asthenosphere is heav-
ier than the lithosphere. After Brandmayr et al. (2011).

reality, it is evident from the geochemistry of magmas (Peccerillo, 2005) that
the Mediterranean mantle is highly heterogeneous (Figure 65), once more
suggesting extremely mixed and variable mantle sources. The tomoimages
in which it is assumed homogenous mantle geochemistry are therefore
not reliable if not false (Foulger et al., 2013). Therefore, the Mediterranean
geodynamics follows the same rules of the rest of the planet, and the main
asymmetries among W- versus E-directed slabs are maintained and can
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Figure 61 Paradigmatic cross sections of hypocenters of the Marianas and Chile
converse subduction zones in the Pacific are compared with those of the hypocenters
of the Apennines and converse Hellenic subduction zones in the central Mediterranean.
The asymmetry in the dip of the Pacific slabs, which could be ascribed to the age dif-
ference of the subducting oceanic crust, is present also in the central Mediterranean
subduction zones where the lonian oceanic lithosphere (no age difference) is subduct-
ing contemporaneously both underneath the Apennines and the Hellenides. Therefore,
the asymmetry is not linked to differences in age and temperature of the subducting
lithosphere. After Doglioni et al. (1999b).

be naturally explained by the westward drift of the lithosphere. In
W-directed slabs (Apennines type) the subduction hinge diverges relative
to the upper plate and generates backarc extension. The subduction is faster
than the convergence and the accretionary prism is mostly composed by the
off scraping of the shallow layers of the lower plate (Figure 66). E- or
NE-directed slabs (Alpine type) are rather associated to the subduction hinge
converging relative to the upper plate and the subduction is slower than the
convergence. The orogen is double verging and is not associated to backarc
basin. Moreover, during oceanic subduction it is composed by deep base-
ment slices mostly of the upper plate while during collision also basement
slices of the lower plate are involved (Figure 66).
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Figure 62 Comparing the intraslab state of stress of the Apennines and the Hellenic
(converse) subduction zones, the W-directed slab appears characterized by down-dip
compression, whereas the NE-directed slab is undergoing down-dip extension. The focal
mechanisms are similar, but they are embedded in slabs with opposite dip. This asym-
metric seismological signature is seen along the opposite Pacific subduction zones, as
well. It is consistent with the fact that W-directed slabs are pushed down, whereas E-
(or NE-) directed subductions are rather pulled out, as suggested by the global kine-
matics, and act as the plunger of the tectonic syringe. After Doglioni et al. (2007).

The eastward rejuvenation of lithospheric stretching of the wes-
tern Mediterranean basin  (Oligocene Ligurian—Provencal Seas, Late
Miocene—Quaternary Tyrrhenian basin) is in agreement with an eastward
relative migration of the underlying mantle, consistent with the eastward
decrease in age of the magmatism. The Apenninic subduction acts as a
nail responsible of the opening of the western Mediterranean basin. The
present subduction of the Ionian—Adria plate in Calabria is the nail pushed
eastward by the mantle (Gueguen et al.,, 1997). The Tyrrhenian backarc
basin opens as a consequence of the Apennines slab retreat. There are strik-
ing differences between the magmatism associated with the Alpine orogen
and that occurred during the formation of the Apennines. The Alpine
orogenic magmatism is essentially represented by intrusive and hypabyssal
rocks, with minor amounts of volcanic products. It was formed during
two main stages of activity (Dal Piaz & Venturelli, 1983).

The first stage is basically Upper Cretaceous—Lower Eocene (100—
40 Ma) and consists of andesitic volcanics, which were emplaced on the
African continental margin. Evidence of this volcanism is only recorded
by andesitic s.l. clasts occurring in some flysch and arenaceous sediments
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(Taveyanne, Schliren flysch). The second stage is essentially Oligocene (34—
23 Ma) and mainly consists of granitoid bodies, several dikes and a few,
poorly preserved volcanites.

This magmatism, which is known as the “periadriatic igneous belt,” marks
a postcollisional extensional tectonic phase of the Alpine orogen. The plutonic
rocks are mainly acid to intermediate in composition with a very few basic
products. Intermediate compositions dominate among dikes. Petrochemical
affinity is mainly calc-alkaline or high-K calc-alkaline with some shoshonites
and few ultrapotassic lamproitic rocks (Beccaluva, Gatto, Gregnanin, &
Piccirillo, 1979; Beccaluva et al., 1989; Bellieni, Peccerillo, & Poli, 1981;
Bellieni, Cavazzini, Fioretti, Peccerillo, & Poli, 1991; Venturelli, Thorpe,
Dal Piaz, Del Moro, & Potts, 1984). A few dikes of arc tholeiites are also pre-
sent (Beccaluva et al., 1983). In its eastern sector, granodioritic—tonalitic plu-
tons (Vedrette di Ries, Rensen, Monte Alto, etc., Bellieni et al., 1981, 1991)
and several calc-alkaline to shoshonitic dikes represent the periadriatic belt.
In the central sector, a few plutons (Bregaglia, Adamello) and a large number
of dikes crop out. Compositions range from arc-tholeiitic to calc-alkaline and
shoshonitic. Intermediate calc-alkaline and high-K calc-alkaline rocks repre-
sent the dominant lithologies (Beccaluva et al., 1983). Finally, the western
sector contains few small intrusive bodies, some volcanites, and dikes with
high-K calc-alkaline and shoshonitic intermediate composition. Ultrapotassic
lamproitic dikes are also present in this zone (Venturelli et al., 1984).

Overall, dominant plutonic and hypoabissal rocks, with variable petro-
chemical aftinity but with clear subduction-related geochemical and petro-
logic signatures, represent the magmatism associated with the Alpine
orogen. Volcanic rocks are scarce or absent. Other eftusive rocks with tran-
sitional to Na-alkaline affinity crop out south of the eastern Alps in the
Euganei Hills magmatic zone, which is marked by a prominent LVZ below
a depth of about 130 km and a positive density anomaly as shallow as 30 km
opposite to the negative density anomaly characterizing the subducting LID
(Brandmayr et al., 2011).

The magmatism associated with the Apennines orogen is much more
abundant and petrologically complex. Magmatic rocks are spread over a
very wide area, from southeastern France, Sardinia, and Corsica, to the Tyr-
rhenian basin and to central—southern Italy. These rocks are essentially
extrusive, whereas only a few granite—granodiorite bodies (8.5—5 Ma),
occurring in southern Tuscany and Tuscan Archipelago (Peccerillo,
2005), represent intrusive activity. Volcanic activity has given MORBEs,
island arc tholeiites, calc-alkaline, high-K calc-alkaline and shoshonitic
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Figure 63 (a) Relative tomography image of the Aegean/Eastern Mediterranean upper
mantle for the section shown in (b); the contouring is in percentages of the ambient
Jeffreys—Bullen upper mantle velocity (see legend); cross (horizontal) hatching indi-
cates positive (negative) anomalies; regions with poor spatial resolution are not con-
toured (large white areas); the interval —0.1%/+0.1% is also indicated in white;
horizontal and depth axes are given without vertical exaggeration. Black symbols are
the projection of hypocenters with M > 4, located within 100 km from the plane,
that occurred from 1964 to 1984; the long dashed horizontal line delimits the maximum
depth of hypocenters (<250 km) and the width of the location map is 3° (Spakman
et al.,, 1988). The short inclined arrows indicate a possible flow of a portion of lower
mantle sucked from below. Such a process is made possible by the wake left by the
slab in its upduction (exhumation) motion (Doglioni et al., 2009); this interpretation
seems more consistent with the tomoimage than the presence of a subducting slab,
with rather complex shape. In the location map of the Eastern Mediterranean and
Aegean area (b), the solid lines indicate the location of the upper mantle cross sections
considered by Spakman et al. (1988) and the solid arrow indicates the cross section
considered here; full dots indicate the epicenters of earthquakes with M > 4 and focal
depths <100 km that occurred from 1964 to 1984, while open dots represent
intermediate-depth events in the range 100—180 km, that occurred in the same period
of time; Ae = Aegean basin, Cr = Crete, EM = Eastern Mediterranean, Gr = Greece,
lo = lonian basin, Pe = Peloponnesus, Rh = Rhodes, Tu = Turkey. (c) When plate mo-
tions are considered relative to the hot spot reference frame, i.e., assuming fixed the
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Figure 64 Ranges of Vs and p versus depth along Transmed VI, as given by El Gabry
et al. (2013). The cartoon shows schematically the inferred upducted slab and the exhu-
mation of the deeper mantle material (gray and dark blue (black in print versions)
bodies, respectively). Focal mechanisms of the largest earthquakes in the period
1970—2009 are plotted in side view and well correlate with the upward motion (upduc-
tion and induced exhumation) indicated by arrows (tectonic syringe).

products, Na- and K-alkaline rocks. This large spectrum of rock composi-
tion makes the circum-Tyrrhenian area one of the most complex magmatic
settings in the world. The petrologic and geochemical characteristics of this
magmatism have been recently discussed in a number of papers (Conticelli &
Peccerillo, 1992; Peccerillo & Manetti, 1985; Serri, 1990).

MORB-type rocks form part of the Tyrrhenian Seafloor and have been
recovered by deep sea drilling (Serri, 1990 and references therein). Their
genesis has been related to mantle melting during the opening of the

<

mantle, the slabs of E- (or NE) directed subduction zones, like the Adriatic/lonian plate,
may move out of the mantle (upduction); in the three stages sketch, the white dot
moves leftward relative to the underlying black dot in the mantle and subduction oc-
curs because the upper plate dark gray dot moves leftward faster than the white circle
in the slab; the subduction rate is the convergence minus the orogenic shortening (in
the model, the slab moves westward at a velocity of 20 mm/year relative to the mantle).
(d) Plate motions of Africa and Greece relative to the mantle in the deep hot spot refer-
ence frame.
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Figure 65 (a) Total alkali vs silica classification diagram for Italian Plio—Quaternary
magmatic rocks (Peccerillo, 2002; 2005). (b) delta-Q versus K;0/Na,O classification dia-
gram for Plio—Quaternary mafic volcanic rocks (MgO > 4%) from ltaly. Delta-Q is the
algebraic sum of normative quartz (q), minus leucite (Ic), nepheline (ne), kalsilite
(kal), and olivine (ol). Silica oversaturated rocks have delta-Q > 0, whereas silica under-
saturated rocks have delta-Q < 0. The extreme variability of the central Mediterranean
magmatism geochemistry demonstrates the strong heterogeneity of the underlying
mantle and it is strongly against the wrong assumption of a chemically homogeneous
mantle often made in tomoimages interpretation.
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Figure 66 Schematic section showing that in the Alpine setting, the subduction rate is
decreased by the migration of the hinge, H, toward the upper plate, U, and the orogen
in the final collisional stage is composed both by the upper and lower plate, L, rocks. In
the converse Apenninic setting, the subduction rate is rather increased by the migration
of H away from U, and shallow rocks of L form the accretionary prism. The relatively shal-
lower asthenosphere in the hanging wall is typical of W-directed subduction zones. This
is coherent with the relatively higher heat flow in the hanging wall of the W-directed
subduction zone along the backarc basin. Modified after Doglioni et al. (2007).

Tyrrhenian backarc basin. Other rocks with tholeiitic affinity are associated
with prevailing Na-alkaline Plio—Quaternary volcanics in Sardinia and
represent the lowest exposed products of Mt Etna. Plio—Quaternary
Na-alkaline rocks occur in Sardinia, Ustica in the southern Tyrrhenian
Sea, Mt Etna and in some seamounts, arising from the Tyrrhenian Seafloor,
like Vavilov and Magnaghi (Locardi, 1991). Subduction-related volcanism is
widespread in the area. The oldest activity follows the calc-alkaline volca-
nism of Provence, in southeastern France, which dates back to 50—35 Ma
(Bellon, 1981) and it occurs in Sardinia (29—13 Ma) where orogenic rocks
range from calc-alkaline basalts to rhyolites, with a dominance of interme-
diate and mafic rocks (Dostal, Coulon, & Dupuy, 1982 and references
therein). Younger orogenic volcanism progressively shifted eastward up to
its present position in the Aeolian arc. This consists of seven main islands
and several seamounts, like Palinuro, Alcione, Lametini, Enarete, Eolo,
Sisifo, and Glauco, which define an overall ring structure. Rocks are
younger than about 1.2 Ma and mainly consist of intermediate and mafic
calc-alkaline to shoshonitic volcanics, with minor leucite tephrites (at
Vulcano and Stromboli) and arc tholeiites (at Lametini and Sisifo
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seamounts). Acidic rocks are concentrated in the last 40 ka. Slightly older
calc-alkaline to shoshonitic volcanics form an NE—SW-elongated Lower
Pliocene volcanic belt (e.g., Anchise seamounts) east of the Aeolian arc
(Locardi, 1991). High-K calc-alkaline and shoshonitic volcanics also form
the Island of Capraia (6.7—3.5 Ma) in the Tuscan archipelago. The lamp-
roites of Sisco (Corsica) have ages of about 14—15 Ma (Civetta, Orsi,
Scandone, & Pece, 1978). Potassic and ultrapotassic magmatism of central
and southern Italy (the so-called Roman Comagmatic Province) represents
the most striking magmatological feature of the Tyrrhenian area. It spans a
time interval between 4 Ma and the present time, with the bulk of potassic
volcanics being younger than 0.6 Ma. Potassic and ultrapotassic rocks have
variable petrochemical affinity, from Roman-type potassic series (KS),
Roman-type high-potassium series (HKS), lamproites, and kamafugites
(Peccerillo & Manetti, 1985). KS and HKS rocks represent by far the domi-
nant volcanics, whereas lamproites are restricted to southern Tuscany and
Corsica, and kamafugites form a few scattered centers east of the Roman
province. KS are basically similar to shoshonites, whereas HKS are undersat-
urated in silica and show very strong enrichment in potassium and incom-
patible elements. However, both KS and HKS display low contents of
high-field strength elements (HFSE) as typically observed in subduction-
related rocks. Kamafugites show similar incompatible element patterns as
HKS, but are more strongly undersaturated in silica and show higher
CaO content and lower Na and Al content than HKS. Finally, lamproites
are oversaturated in silica, contain negative anomalies of HFSE and have
isotopic signatures that are closer to crust than to mantle values. However,
their high values of Mg# (up to 80 ppm), Ni (up to 350 ppm), and Cr
(up to 800 ppm) together with the presence of high-pressure ultramafic xe-
noliths strongly suggest a mantle origin. Carbonatitic rocks which have been
recently suggested to occur east of the Roman province (Stoppa & Woolley,
1997) may actually represent silicate, kamafugitic, or HKS magmas that have
undergone strong contamination by the thick carbonate sequences crossed
by uprising magmas (Peccerillo, 1998).

Opwerall, the whole ultrapotassic magmatism of central—southern Italy
appears to be subduction related and has been hypothesized to derive from
an anomalous upper mantle whose composition has been strongly modified
by addition of upper crustal material by subduction processes (e.g., Peccerillo,
1985), whereas low fractions of carbonate-rich melts have low density and
viscosity that can migrate upward and form a carbonated partially molten
COg-rich mantle, in the depth range from 130 to 60 km. Carbonate-rich
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melts upwelling to depth <60—70 km induce massive outgassing of CO»,
that can migrate and be accumulated beneath the Moho and within the
lower crust (Frezzotti, Peccerillo, & Panza, 2009, 2010).

In a nutshell, a large spectrum of magma types is associated with the
Apennines orogen and the opening of the Tyrrhenian Sea. Most of these
rocks (i.e., island arc tholeiites, calc-alkaline, shoshonitic, potassic and ultra-
potassic rocks) are of obvious subduction-related origin. However, also some
MORB and Na-alkaline rocks (including Ustica, Etna, and Vulture) show
evidence for a role of subduction-related geochemical components in their
genesis (e.g., Serri, 1990). Petrology and geochemistry reveal rocks ranging
in composition from tholeiitic to calc-alkaline to sodium-and potassium-
alkaline and ultra-alkaline. Several magmatic provinces can be recognized,
which display distinct major and/or trace element and/or radiogenic isotope
signatures. The data from mafic volcanic rocks define a number of distinct
provinces that likely generated compositionally diverse mantle sources.

Most of these provinces can be identified in LAS structure, as well. The
combined analysis of petrological, geochemical, and geophysical data reveals
a surprisingly close match between geophysical characteristics of the LAS and
the compositions of magmatic rocks erupted at the surface in the various
regions (Frezzotti et al.,, 2009; Peccerillo, Panza, Aoudia, & Frezzotti,
2008). This suggests that variations of seismic waves velocity in the mantle
could be related to compositional differences of mantle sources, and not
only to pressure and temperature variations. The Vs of the Betics, where
ultrapotassic lamproitic magmatism is observed, has features similar to those
of other three areas in the western Mediterranean where ultrapotassic lamp-
roitic magmatism of different age is observed: Western Alps, Tuscany, and
Sardinia. The crust and upper mantle models in these four areas can be corre-
lated with the age of the magmatism and the local heat flow and, at the same
time, outline how, starting from a naturally quite undifferentiated mantle
where magma genesis is currently in progress, the differentiation in litho-
sphere and asthenosphere can take place in time (Raykova & Panza, 2010).
The recycling of crustal materials is likely to be the main contributor to
the upper mantle heterogeneity of the observed Mediterranean magmatism.

Vertical slab windows related to differential slab retreat also provided
preferential pathways for the upraise of mantle melts (e.g., Etna and
Vulture, Doglioni, Innocenti, & Mariotti, 2001; D’Orazio, Innocenti,
Tonarini, & Doglioni, 2007). Alkaline magmatism occurs in the Sicily
Channel rift (Peccerillo, 2005). Africa is in fact moving south—westward,
away relative to Europe, coherently with the geologic record of the Sicily
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Channel, which is in extensional regime since at least the Pliocene. The data
discussed so far put in the proper perspective the overstated assumption of
the northern push of Africa relative to Europe. Moreover, in the Sicily
Channel the rifting coexists with the accretionary prism of the Apen-
nines—Maghrebides and indicates that more than one geodynamic setting
can operate in a given area (Corti, Cuffaro, Doglioni, Innocenti, & Manetti,
2006). These observations support the passive role of plate boundaries.

The advantage of joining geophysical models with geological and petro-
logical data in order to understand the complex evolution of the Mediterra-
nean region has been described for the first time by Panza, Peccerillo, et al.
(2007). The very shallow crust—mantle transition and the very low Vs in the
mantle just below the Moho, in correspondence of the submarine volcanic
bodies (Magnaghi and Vavilov in the southern Tyrrhenian Sea, central
Mediterranean), indicate the presence of high amounts of magma. The joint
use of geological and geophysical constraints along the TRANSMED 111
geotraverse (Cavazza et al.,, 2004) results in a new model of the mantle
flow in a backarc setting and reveals an easterly rising LVZ in the active
part of the Tyrrhenian basin. An upper mantle circulation in the western
Mediterranean, mostly easterly directed, affects the boundary between
upper and lower asthenosphere, which undulates between about 180 and
280 km (Panza, Raykova, et al., 2007).

In the geological interpretation of seismological models of the Earth
interior it is often overlooked the fact that an increase with increasing depth
of Vp or Vs means only that rigidity is increasing with increasing depth more
than density, p. In spite of this fact, most empirical relations are based on the
assumption that faster Vp or Vs mean denser material (e.g., Nafe—Drake
relation, see Fowler, 1995; Ludwig, Nafe, & Drake, 1970). These relations,
barely acceptable in stable areas, are obviously very weak, if not invalid, in
tectonically very active regions like the Mediterranean (Aitken, Salmon,
& Kennett, 2012; Brandmayr et al., 2011; El Gabry et al., 2013), where
chemical mixing is very likely to occur (e.g., Panza, Raykova, et al.,
2007). In spite of this obvious and severe shortcoming, Vp—p and Vs—p
relations are widely used but improper constraints to interpret tomographic
images in very complex areas as, for instance, the Mediterranean (e.g., Fac-
cenna & Becker, 2010). In fact, as can be seen, for example, along an NW—
SE profile from southern Corsica to Ionian Sea, Vs and p models contradict
popular Vs—p relations and this is not surprising in a tectonically so complex
area (Brandmayr et al., 2011). A similar situation has been recently evi-
denced in the Tibetan plateau domain and Iran (Deng et al., 2014; Motaghi
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etal., 2014; Zhang et al., 2014). Prominent feature of the section, shown in
Figure 7.4, is the high-velocity body that represents subducting LID beneath
the Calabrian Arc, seismically active at all depths. To the west, a LID about
60—70 km thick marks the active part of the Tyrrhenian, with some very-
low-velocity soft mantle LID beneath volcanic areas. LID is slightly thicker
beneath Sardinia—Corsica block and reaches about 90 km of thickness. To
the east of the Calabrian Arc, the Ionian LID is about 130 km thick, and the
underlying mantle is relatively faster than the Tyrrhenian one. As a rule, the
mantle velocity is higher in the Ionian plate than in the Tyrrhenian basin. A
prominent negative density anomaly characterizes the subducting slab and
the Sardinia—Corsica block, whereas a positive anomaly characterizes the
mantle of both the Tyrrhenian (p~3.3 g/cm” to about 60—70 km of depth)
and the Ionian basins (p~ 3.3 g/cm” to about 80 km of depth and p~3.4 g/
cm” at about 170 km of depth).

The asymmetry between W-directed (Apennines) and E- (or NE-)
directed (Alps, Dinarides) subductions is thus a robust feature of the velocity
model and the density model reveals that the subducting slab is not denser
than the ambient mantle and supplies no evidence for slab pull process.
The Tyrrhenian is a neogenic backarc basin very asymmetric. Extension
maximizes in Southern Tyrrhenian and drastically reduces around 41°N
(Pontine Islands). Similarly Apennines compression maximizes in Calabria
and minimizes in Northern Apennines. There is therefore an evident rela-
tion between Tyrrhenian extension and compression in the Apennines.
The asymmetry between the mountain chain and the basin, 1.e., the boot
shape of Italy, can be attributed to the kind of lithosphere that is subducting
east of the Apennines: the lithosphere that was paving the Ionian Sea and
now responsible of the intermediate-depth seismicity is very likely oceanic,
cold, and well consistent with the subduction process (e.g., Tumanian,
Frezzotti, Peccerillo, Brandmayr, & Panza, 2012). Going north from
Gulf of Taranto to Basilicata the Ionian—Adra lithosphere is continental
(Brandmayr et al., 2010).

S 6. MECHANISMS OF PLATE TECTONICS

In the previous chapters the main asymmetries of contractional
and extensional plate boundaries have been listed (Figure 67). These
data are particularly visible when moving along the TE and point to a
worldwide polarized tectonics. When a slab enters the mantle it
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Figure 67 The “westward” drift of the lithosphere relative to the mantle produces a
number of asymmetries at plate boundaries, both along subduction and rift zones.
For example, slabs are steeper along W-directed subduction zones and are always asso-
ciated to backarc spreading. E- (or NE-) directed subduction zones are rather shallower;
the overlying double verging orogens show much higher topography and structural
elevation shallower foredeeps and wider outcrops of metamorphic rocks, with respect
to the opposite slabs. The subduction hinge generally diverges relative to the upper
plates along the W-directed slabs, whereas it converges along the E- or (NE-) directed
slabs. Gray layer, oceanic lithosphere; green (light gray in print versions), continental
lithosphere. Legend: 7 viscosity in Pa s; « and @, dip of the orogens envelope and fore-
land regional monocline, respectively. After Carminati & Doglioni (2012).

contributes to mantle convection. The volume of lithosphere that is
recycled at depth must be compensated by the same amount of material.
Along oceanic ridges and backarc basins new oceanic crust and some
LID form. However, the thickness of the downgoing slabs is thicker
than that of the lithosphere at ridges. In terms of mass balance it means
that part of the thickening occurs away from the ridges, within plates,
where the isotherm is depressed and the LVZ is cooled to become LID.
Therefore, the slab volume is requilibrated also by lithospheric generation
taking place not necessarily at the ridges. Subduction zones provide cold
lithosphere at depth, a process that cools down the hosting mantle, possibly
determining its subadiabatic condition with a potential T lower than the
shallow asthenospheric layers (Anderson, 2013). Moreover, the volume
displaced by the slabs has to be moved away from them, involving larger
and slowly flowing mantle volumes (Figure 68).

The remaining fundamental question is: what is the driving force of plate
tectonics? The main known forces acting on the lithosphere are: (1) the
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Figure 68 Slabs provide narrow range recycling into the mantle, which must be
compensated by an equivalent volume of diffuse mantle uplift. Moreover,
W-directed slabs contribute to lithospheric feeding of the mantle three times more
than the E- (or NE-) directed slabs. Assuming a lithospheric thickness of 100 km (and
1 km along strike), the amount of slab volume entering the mantle every million years
is given by the velocity of the subduction hinge relative to the upper plate, minus the
convergence rate of the lower plate relative to the upper plate. In the example, 200 km?>
of slab (S) enter the mantle every Ma. The mass balance requires that a similar amount
of mantle (M) should rise to compensate the slab flux. Mantle uplift is accommodated
by ridge spreading (R), boundary layer cooling and freezing (FL), plus mantle uplift
along backarc basins (BA) that accommodates slab rollback. LVZ, low-velocity zone.
After Doglioni and Anderson (2015).

bottom-up-driven mantle convection, 1.e., the way the Earth dissipates the
internal heating, (2) the top-down-driven mantle convection, i.e., the slab
pull process that is related to the superficial cooling of the lithosphere, which
would favor its sinking due to its negative buoyancy, (3) the trench suction,
1.e., the drag exerted by the downgoing lithosphere and adjacent mantle
acting on the overlying upper plate, being a secondary effect of subduction
zones, (4) the ridge push, i.e, the excess of mass formed at an oceanic ridge
which tends to move away from the ridge, (5) the tidal drag and astronom-
ical forces (Figure 69). Few of these mechanisms require sizeable coupling or

“J‘_QG p_uEh tidal drag
-

lithosphere
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trench suction

asthenosphere

mantle drag  g|5p pull

Figure 69 Main system of forces that may act on the lithosphere. Mantle drag and
trench suction need high coupling (relatively higher viscosity) between lithosphere
and asthenosphere to be effective. Ridge push, slab pull, and tidal drag rather need
low coupling (relatively lower viscosity) to be efficient. Since the lithosphere is
decoupled with respect to the asthenosphere, more than one force is acting on plate
motions. Circles indicate coupled forces while white half arrows show the uncoupled
forces. After Doglioni et al. (2007).
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small coupling between the lithosphere and the underlying mantle. For
example, bottom-up-driven convection and trench suction require
coupling to be quite effective, whereas slab pull, ridge push, and tidal drag
need some degree of decoupling between lithosphere and mantle.

6.1 Mantle Convection

Mantle convection may be driven from the heated bottom, from the cooled
top and from the internal radiogenic heat (Figure 70). Computed Rayleigh
numbers (Ra) are usually >10° and these values support the convection of
the mantle (Montague & Kellogg, 2000; Schuberth et al., 2009 and refer-
ence therein) as subduction zones and generation of new oceanic crust
testify. However, the mantle kinematics and its internal dynamics are far
to be fully unraveled. Some questions can be summarized as follows. In
how many layers of the Earth convection currents occur? What is the
path of mantle particles? Is it chaotic or polarized? What is the relationship
with plate motions? Many models have been produced so far, but no one is
really able to satisty the constraints posed by the plate kinematics, the TE,
and the asymmetry of plate boundaries.
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Figure 70 The dimensionless Rayleigh number (Ra), where parameters at the numer-
ator favor convection, whereas parameters at the denominator favor conduction, syn-
thetically describes the convection of a fluid heated from below and from internal
radiogenic decay. However, all the parameters of Ra vary with depth (e.g., composition,
thermal expansion, viscosity, density, etc.) and make the computation highly subjective
in a vertically and laterally heterogeneous mantle. The Fe percent increase with depth
very likely increases conductivity and, thus, decreases Ra. Moreover, phase changes can
generate internal barriers in the mantle such as transition zones, which determine in-
dependent convecting layers. The thinner the convective layer, the lower the Ra num-
ber. The decrease of mantle potential temperature, Tp (Anderson, 2013), and the
increase of viscosity and density with depth may also drastically decrease the Ra num-
ber and make mantle convection sluggish and passively dominated by the upper
boundary layer, i.e., activated by subduction.
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The mantle has been shown to be in nonadiabatic conditions (e.g.,
Anderson, 2013; Bunge, Ricard, & Matas, 2001). This can be related to
the internal heating, the strong thermal buffer exerted by the upper thermal
boundary layer (the lithosphere), the high T in the LVZ, due to the rela-
tively higher conductivity of fluids, the cooling of the deeper mantle exerted
by the slabs, etc. Subadiabaticity of the mantle may inhibit convection or
decrease its Ra. Due to chemical variations and phase changes, the density
and viscosity increase with increasing depth in the mantle. Therefore, con-
vection models obviously contain a number of simplifications, which may
prevent an accurate understanding of the convective pattern and its vigor.
We still do not know the distribution in the mantle of Fe that is highly rele-
vant element for conductivity and that decreases Ra. We do not know very
accurately (about 1000 °C uncertainty) the temperature at the base of the
mantle and the rate of heat transfer from the core. Moreover, the lower
mantle should have a dense layer at its base (Montague & Kellogg, 2000),
which is thickening and possibly irreversibly stratified (Anderson, 2002).
The more numerous and thinner the mantle convecting layers, the lower
the Ra. Mantle convection may be thermal or mechanical in the sense
that material forced down needs that an equal volume is expelled. All models
of mantle convection such as polygonal cells, mushrooms, cylinders, etc., do
not fit the simple pattern of plate kinematics at the surface and the toroidal
component of plate motion. Convection does not need a decoupling at the
lithosphere base. 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. So, if it is not mantle convection, what is the force generating the
decoupling in the LVZ? From these considerations, mantle convection ap-
pears driven from the top rather than from the deep mantle. This means that
plate motion in a way is responsible for driving mantle convection (e.g.,
Anderson, 2001). Therefore, the shearing of the lithosphere and its penetra-
tion into the mantle should trigger internal motion. So the question is again
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). It is
obvious that convection occurs in the mantle, not only from modeling, but
also from the kinematics of plate boundaries, where mantle upraises along
ridges and lithosphere sinks along subduction zones. It is also evident that
oceanic lithosphere circulates in the mantle much more easily than the con-
tinental lithosphere, since only relatively young (180—0 Ma) oceans cover
the Earth’s surface, compared to the much older cratons (>3000 Ma), since
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the thick continental lithosphere is buoyant over the mantle. Convection is
required to cool the Earth. But convection models are necessarily oversim-
plified and possibly overrated. Mantle Tp at ~200 km of depth is higher
than between ~400 and 2800 km of depth. This is the most significant
and far-reaching development in mantle petrology and geochemistry since
Birch (1952) and Bullen (1947) established the nonadiabaticity (superadia-
batic thermal gradient above 200 km, subadiabatic gradient below) of the
mantle from seismology and physics. High Tp in the shallow mantle is
consistent with petrology (Bullen & Bolt, 1985; Anderson, 2013). Temper-
atures in the upper 200 km of the mantle are ~200 °C higher than assumed
in canonical geotherms. A recent clear evidence is supplied by Tumanian
et al. (2012) in a backarc environment where it is shown that in the surface
boundary layer Tp may exceed 1500 °C. In general, such a thermal situation
may inhibit convection: thermal gradients stronger than adiabatic one lead
to more vigorous convection while thermal gradients weaker than adiabatic
one lead to inhibition of convection. As already mentioned, the mantle is
considered compositionally quite homogeneous, but it is not, and it contains
both vertical and lateral significant heterogeneities. The whole Earth is
intensely stratified both in physical and chemical properties from the
topmost atmosphere down to the core. The supposed convection cells
should be made of an uprising relatively warmer buoyant mantle, laterally
accompanied by downwelling relatively cooler currents. In the view of con-
vection modelers, the surface expression of cells should be the plates. But the
Atlantic, E-Africa, and Indian rifts have no intervening subductions; there
are also several cases of paired subduction zones without rifts in between:
this shows the inapplicability of the convection cells concept to the simple
superficial plate tectonics kinematics. Insufficient attention has been paid
to the general westward drift of the plates (Bostrom, 1971; Le Pichon,
1968) and the possible configuration of upper-mantle convection cells
consistent with recent global absolute tomography images of the upper
mantle represents a quite strong argument supporting the relevant role
played by the westward drift, very likely of astronomical origin (Panza
et al., 2010; Riguzzi et al., 2010).

Main controlling factors of plate tectonics are the lateral heterogeneities
in the lithosphere and underlying upper mantle. If the decoupling, due to
viscosity contrast, between the lithosphere and the asthenosphere is more
or less the same everywhere within the Earth, the lithospheric shell would
behave, in its westward drift, as a single coherent shell with no relative
motion among different plates. That is not what is observed. Moreover,
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different depths of the decollement would provide variations of the surface
plate velocity due to the different radius: the longer the radius, (i.e., shal-
lower decoupling), the faster the speed of the overlying plate. Similarly, in
a lithosphere formed only by a layer of constant continental thickness (say
100—150 km) plate tectonics cannot occur. Such a homogenous layer would
be in equilibrium and would not undergo compression or stretching. The
absence of lateral heterogeneities and the light nature of the continental lith-
osphere would prevent subduction and plate tectonics. The density contrast
between continental and oceanic lithosphere is at the base of the differential
motion of the lithospheric plates. These inhomogeneities in the mantle are
consistent with the presence of viscosity contrasts that favor the existence of
nonzero differential velocities among plates. As a rule the subduction of lith-
osphere is oriented, along the TE, toward W if the thinner (more dense) plate
lies to the E of the collision front, or vice versa toward E, if the thinner (more
dense) plate lies to the W of the collision front. Plate tectonics comes true since
the different plates move along the flow lines parallel to the TE, with relative
velocities variable in the range 0—18 cm/year. In most of the convection
models, uprising and downwelling mantle currents are stationary, but it is
well known that all plate margins rather migrate. Convection styles frequently
generate polygonal shapes for the cells, but plate margins can be very linear,
e.g., the Atlantic Ridge, in contrast with the typical mushroom shape of
mantle plumes (e.g., Tackley, 2000). The fastest W-ward moving plate rela-
tive to the mantle is the Pacific one, which is slipping over an LVZ (Doglioni
et al., 2005) with low viscosity (Pollitz et al., 1998). Therefore, the Pacific is
the most decoupled plate, while mantle convection requires that faster mov-
ing plates are more coupled (higher viscosity) with the mantle than slower
ones. The Hawaii hot spot volcanic chain indicates that the underlying
mantle is moving E—SE-ward. Doglioni et al. (2003) and Hammond and
Toomey (2003) modeled, beneath the EPR, an eastward-migrating mantle.
Motion of the underlying mantle has been suggested through shear-wave
splitting analysis also beneath the Nazca plate by Russo and Silver (1994)
and the South Victoria Land and the Ross Sea coast, Antarctica (Barklage
et al., 2009). The hot spot reference frame is consistent with the existence
of an eastward relative mantle flow beneath the South America plate (Van
Hunen, van den Berg, & Vlaar, 2002). A relatively moving eastward mantle
flow has been proposed also beneath North America (Silver & Holt, 2002)
and beneath the Caribbean plate (Gonzalez, Alvarez, Moreno, & Panza,
2011; Negredo, Jiménez-Munt, & Villasenor, 2004). Beneath the Tyrrhe-
nian Sea a similar west to east flow of the mantle is inferred from Vs
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tomography (Panza, Raykova, et al., 2007) and from mantle anisotropy,
averaged over large volumes (Margheriti, Lucente, & Pondrelli, 2003).

6.2 Slab Pull

A paradigm of plate tectonics is that the negative buoyancy of slabs (slab pull)
drives plate motions (e.g., Conrad & Lithgow-Bertelloni, 2003). This is sug-
gested by the relatively steeper dip of the slab bearing old oceanic crust
(Forsyth & Uyeda, 1975) and the convergence rate at subduction zones,
which is related to the age of the oceanic crust at the trench (e.g., Carlson,
Hilde, & Uyeda, 1983; Jurdy & Stefanik, 1988). Slab pull process is
conceived as the result of the cooling of the oceanic lithosphere that thus
becomes denser than the underlying mantle. The cold slab should exert a
pull down of the lithosphere, i.e, the older and the cooler the slab, the
steeper, and the faster the subduction. Such an assertion is not proven at
all; actually it is false. In fact, there is no correlation between convergence
rates and age of the downgoing oceanic lithosphere at subduction zones as
shown in Figure 71. Moreover, from the previous chapters, we have seen
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Figure 71 Age of oceanic lithosphere entering the trench (after Muller, Roest, Royer,
Gahagan, & Sclater, 1997) versus velocity of convergence calculated using the NUVEL1A
(DeMets, Gordon, Argus, & Stein, 1994) rotation poles. The diagram summarizes the
results obtained for 13 subduction zones. The lack of correlation refutes any relation
between plate motions speed and negative slab buoyancy. Data taken from Cruciani
et al. (2005).
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that the oceanic lithosphere is frozen LVZ which is the result of the chemical
differentiation of the lighter elements of the mantle. Mantle models show
that density tends to increase with depth (e.g., PREM). Based on xenoliths
studies, also the continental lithospheric mantle has been shown to be lighter
than the underlying mantle (Kelly, Kelemen, & Jull, 2003). The analysis of
slab dip versus the age of the subducting oceanic lithosphere lack of corre-
lation as well (Figures 72 and 73). There are several other issues that appear
to mine the effectiveness of the slab pull. The negative buoyancy assumed in
slab pull models often attributes an excess weight of the slab relative to the
hosting mantle between 50 and 100 kg/m>. Afonso, Ranalli, and Fernandez
(2007) have shown that the maximum expected density contrast between
the lithosphere and the asthenosphere is around 40 kg/m’ and this extra
weight is confined in a small percentage of the lithosphere, hence not
affecting the whole plate (Figure 74). Moreover, the asthenosphere and
the underlying transition zones have density increasing with increasing
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Figure 72 Age vs slab dip plots for five different depth ranges, with data measured
along sections perpendicular to the trench of the main world subduction zones. No
relation between age of the oceanic crust and slab dip can be observed; the dip of
the slabs cannot be ascribed to their thermal state and refutes the supposed slab
pull effect. After Cruciani et al. (2005).
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Figure 73 Variation of slab dip versus the age of the subducting lithosphere moving
along the strike of the subducting lithosphere. The lack of correlation refutes the ther-
mal state of the lithosphere as responsible of its dip and the concept of slab pull. After
Cruciani et al. (2005).

depth that largely exceeds the assumed maximum lithospheric density. The
depleted mantle forming the LID is usually harzburgitic, i.e., extremely
light.

The negative buoyancy of slabs should determine the pull of plates, but
the dip of the subduction zones is not correlated with the age and the ther-
mal state of the downgoing plates (Cruciani et al., 2005). As an example,
along the Sandwich subduction zone, the undergoing Atlantic and Antarctic
oceanic lithospheres show age variations (from 5 to 120 Ma) but the subduc-
tion system maintains the steep dip and the overall characteristics of the
W-class. In fact, Cruciani et al. (2005) measured the dip of the slabs down
to depths of 250 km along 164 sections crossing 13 subduction zones and
compared it with the age of the subducting oceanic lithosphere, both at
the trench and at depth. They have shown that there is not correlation be-
tween the steepness of the slabs and the increasing age of the downgoing
cooler lithospheres. Therefore, the negative buoyancy, if any, is not the con-
trolling factor of the slab dip. In contrast with the prediction of the models
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Figure 74 Few of the several pitfalls of the slab pull concept: (a) The slab pull maximum
predicted force is larger than the strength of the lithospheric plate; therefore, it is difficult
to transfer the energy of the pull without breaking the plate even before it becomes a slab.
(b) Density structure of the oceanic lithosphere according to Afonso et al. (2007). The con-
tour lines indicate density values in kilogram per cubic meter. The dashed yellow (light
gray in print versions) lines indicate the approximate locations of the plagioclase—spinel
and spinel—garnet phase transitions. According to this petrological model, the maximum
negative buoyancy can be about 40 kg/m?, i.e, twice lighter than several assumptions
made in modeling the slab pull. Furthermore the volume of relatively denser lithosphere
is possibly less than 10% with respect to the entire plate. Moreover, the harzburgite is
lighter than the underlying asthenosphere and the lithosphere is only the frozen part
of the upper depleted asthenosphere. Therefore, the lithosphere can hardly be heavier
than the underlying upper mantle; it can get weight, and thus get denser, from the phase
transition on the way down, but it is not a priori denser. (c) Sketch vertical section of the
Pacific plate from the Mariana subduction zone to the East Pacific Rise (EPR). The ratio
between the length of the slab portion assumed to be heavier than the hosting mantle
(about 300 km) and the linear dimension of the plate (10000 km) is only about 3%, pre-
venting the slab pull to be the driving force. The unrealistic negative buoyancy of the slab
should be able to pull the 33 times longer plate, and to win the basal drag of a mantle
that moves in the opposite direction according to the hot spots migration.
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considering as driving force only (or mostly) slab pull, younger oceanic lith-
osphere may show steeper dip than older segments of oceanic slabs (e.g.,
Central America vs South America). The lack of a clear correlation between
the observed dip angle of slabs and plate velocity and slab age in modern sub-
duction zones has been explained with the hypothesis that subduction is a
time-dependent phenomenon (King, 2001). A combination of slab age
and subduction velocity correlates better with slab dip, but the correlation
is still poor (correlation coefficient equal to 0.45). Therefore, supplemental
forces to the negative buoyancy of the slab have to be considered such as (1)
thickness and shape of the hanging wall plate, (2) absolute plate velocity, (3)
presence of lateral density variations in the hosting upper mantle, (4) effects
of accretion/erosion, (5) subduction of oceanic plateaus, and (6) slab defor-
mation due to the motion of the mantle relative to the subducting plate.
Plate kinematics, i.e., absolute motion of the upper plate (Luyendyk,
1970; Tovish & Schubert, 1978) could play a role, but other aspects have
to be taken into account. The first one is the presence of lateral density var-
1ations in the hosting upper mantle, allowing different buoyancy contrasts
with respect to the downgoing slab. However, apart from proven lateral het-
erogeneities in mantle tomography, there is no evidence yet for such large
anisotropies in composition that can justify sufficient density anomalies in
the upper mantle. Actually, along the Alps—Himalaya belt recent investiga-
tions give no evidence in support of slab pull mechanism as relevant plate-
driving force (Brandmayr et al., 2011; Deng et al., 2014; Doglioni et al.,
2006b; El Gabry et al., 2013; Motaghi et al., 2014; Zhang et al., 2014).
The eftect of latent heat released by phase transitions could, moreover, alter
the thermal distribution and buoyancy of subducting slabs and control their
dips (van Hunen, van den Berg, & Vlaar, 2001). The thickness and shape of
the hanging wall plate may control the dip of the first 250 km, i.e., the
thicker the hanging wall plate, the steeper is the slab. Still at shallow depths,
the effects of accretion/erosion (Karig, Caldwell, & Parmentier, 1976; Lal-
lemand, Schnurle, & Manoussis, 1992), the thickness of sediments in the
trench and the subduction of oceanic plateaus (Cross & Pilger, 1982) could
influence the geometry of the descending lithosphere. Another basic con-
trolling action could be operated by resistance forces induced by the motion
of the mantle relative to the subducting plate (Doglioni, Harabaglia, et al.,
1999; Scholz & Campos, 1995). Moreover, relative convergence rates at
subduction zones do not correlate with the age of oceanic lithosphere at
the trench (Doglioni et al., 2007). One argument used to corroborate the
slab pull is the trench length with respect to the plate velocity (Forsyth &
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Uyeda, 1975). On the basis of a similar observation it could be argued that
long-spreading ridges generate fast plate motions. However, these relations
may be a circular reasoning, e.g., longer subduction and ridge zones form
when plates move faster (Doglioni, Cuftaro, & Carminati, 2006). The rela-
tionship between trench length and plate velocity is also questionable for
other reasons; for example, the absolute plate velocity can be recomputed
either in the deep hot spot or in the shallow hot spot reference frame and
the different results do not indicate a correlation between slab length per-
centage (length of the trench with respect to the length of the boundary sur-
rounding the plate) and plate velocity (Doglioni et al., 2007).

The relationship between the area of plates (Schettino, 1999) and the
angular velocity of plates in the deep hot spot reference frame (HS3-
NUVEL1A, Gripp & Gordon, 2002) shows no correlation as already
observed by Forsyth and Uyeda (1975). However, when plotting the area
vs the absolute angular velocities of plates in the shallow hot spot reference
frame, a correlation seems to be present, being bigger plates generally faster
(Figure 75). Both analyses do not support a significant correlation casting
additional doubts on the importance of the slab pull in plate tectonics, which
has a number of further antagonizing arguments. For example, the assump-
tion that the slab is heavier than the ambient mantle remains debatable,
particularly because there are not constraints on the composition of both
slab and mantle at variable depth (e.g., the amount of Fe in the lower
asthenosphere and the lower upper mantle). Heavier ambient mantle than
subducting slab is seen in the Apennines (Brandmayr et al., 2011) and Hima-
laya (Zhang et al., 2014) subductions.

More questions need to be addressed: (1) Is the slab pull a relevant source
of energy for plate motions? (2) Is the amount of energy involved correctly
calculated? and (3) Are the assumptions reliable? Most of the literature indi-
cates that the slab pull is about 3.3 x 10> N m ™! (e.g., Turcotte & Schubert,
2002). This is a force per unit length parallel to the trench. However, this
value is very small when compared to other energy sources for the Earth,
such the energy dissipated by tidal friction, heat low emission, and Earth’s
rotation (e.g., Denis, Schreider, Varga, & Zavoti, 2002; Krasinsky, 1999;
Riguzzi et al., 2010; Varga, 2006; Varga, Denis, & Varga, 1998; Zschau,
1986). Moreover, chemical and mineralogical stratification in the upper
mantle makes the slab pull even weaker. Most of the Earth’s volcanism is
sourced from above 200 km: the subduction zones release magmatism at
about 100—150 km of depth (Tatsumi & Eggins, 1995); mid-oceanic ridges
are sourced by even shallower asthenosphere melting (100—30 km, e.g.,
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Figure 75 (a) Relationship between absolute plate angular velocity vs trench percent in
the deep hot spot reference frame. There is not evident correlation between the two
values. For example, the Nazca and Pacific plates have about the same percentage
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Bonatti et al., 2003); hot spots are also debated as potentially very shallow,
and sourced by the asthenosphere (Bonatti, 1990; Doglioni et al., 2005;
Foulger et al., 2005; Smith & Lewis, 1999). Since even xenoliths in general
and kimberlite chimneys originated at depth not deeper than the astheno-
sphere, there is no direct sampling of the composition of the standard lower
part of the upper mantle. Therefore, it cannot be excluded, for example, a
more Fe-rich fayalitic composition of the olivine, heavier and more com-
pacted than the Mg-rich olivine (forsterite), which is presently assumed as
the most abundant mineral of the upper mantle. In case more iron is present
in the upper mantle olivine, the density of the ambient mantle would be
slightly higher and reduce the slab pull smaller, if any exists. The slab pull
concept is based on the hypothesis of a homogeneous composition of the
upper mantle, with the lithosphere sinking only because it is cooler (e.g.,
Turcotte & Schubert, 2002). However, the oceanic lithosphere is nothing
but frozen shallow asthenosphere, previously depleted beneath a mid-
oceanic ridge. Depleted asthenosphere is lighter than the “normal” deeper
undepleted asthenosphere (see Doglioni et al., 2003, 2005; Oxburgh &
Parmentier, 1977; for a discussion). Therefore, the assumption that the lith-
osphere is heavier only because it is cooler might not be entirely true, and
the slab pull could be overestimated if not negative (Brandmayr et al.,
2011; Motaghi et al., 2014; Zhang et al., 2014).

Phase transitions within the subducting lithospheric mantle would
enhance the slab pull in the transition zone (300—400 km of depth) (Poli
& Schmidt, 2002; Stern, 2002), but again, the occurrence of relatively
higher density ambient rocks due to chemical and not only phase transitions

<
of trench length with respect to the plate circumference, but the Pacific is much faster.
Angular velocities after Gripp and Gordon (2002). (b) Relationship between absolute
plate angular velocity vs trench percent in the shallow hot spot reference frame. The
absence of correlation between the two values is even more evident, but the gray
points on the left (Nazca, Arabia, Africa) show a negative motion of the plates, i.e.,
away from the trench. Therefore, in this reference framework, plates cannot be moved
by the slab pull. Angular velocities after Crespi et al. (2007). (c) Plot of plate areas and
absolute angular velocities in the deep hot spot reference frame. Areas of plates after
Schettino (1999). As already shown by Forsyth and Uyeda (1975), no correlation is
observable. (d) Plot of plate areas and absolute angular velocities in the shallow hot
spot reference frame. Angular velocities after Crespi et al. (2007). Contrary to panels
A, B, and C, some correlation seems to exist in panel D, i.e., larger plates move faster,
even if oceanic plates still move relatively faster than continental plates for comparable
areas. After Doglioni et al. (2007).
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could make the effect of the slab pull smaller and smaller if not negative (pos-
itive buoyancy). Moreover, the occurrence of metastable olivine wedges in
fast subducting oceanic lithosphere may create positive density anomalies
that counteract the eftects of slab pull (Bina, 1996). A further density anom-
aly that is suggested to drive slab pull is expected to come from the
eclogitization of the subducting oceanic crust. This process involves only
a thin layer (5—8 km thick) and not the entire downgoing lithosphere
(70—90 km thick); therefore only 5—10% of the lithosphere could exhibit
negative buoyancy, not enough to make the whole lithosphere denser
than the mantle as remarked by Doglioni et al. (2007). Nevertheless, this
type of metamorphic transition is often assumed to be able to determine
the slab pull. The eclogites reach densities of about 3440—3460 kgem >
only at depths of about 100 km (Hacker, Abers, & Peacock, 2003;
Pertermann & Hirschmann, 2003). The density of the ambient mantle at
comparable depths according to the PREM model is 3370 kg m >
(Anderson, 2007), i.e., only slightly lighter than the eclogitized oceanic
crust. At the 410 km deep transition zone, PREM model gives a mantle
density of 3.7 kg m >, a value that inhibits the slab pull, if present. However,
both eclogite and mantle densities are quite speculative. The small density
contrast between subducting crust and ambient mantle casts doubts on the
potential effect of the negative buoyancy of the oceanic crust. Therefore,
there are not solid constraints on the depth at which the slab pull should
turn on and at what depth it should turn off since the mineralogy of the
slab and the ambient mantle is still largely unknown. Why then a slab should
maintain its shape and coherence down to the 670 km discontinuity? The
easiest explanation would be its higher stiftness governed by its cooler and
poorly conductive nature. Since seismic wave velocity is inversely propor-
tional to density, the high velocity of the slab detected by tomography could
be related not to its higher density, but to its higher rigidity. Certainly the
slab becomes heavier during sinking for phase transformations, but is it a pri-
ori denser, or does it become heavier on the way down? Is it continuously
reaching density equilibrium while moving down (Doglioni, Cuffaro, et al.,
2006)? Trampert et al. (2004) and Tumanian et al. (2012) have demonstrated
that low-velocity volumes of the mantle detected by tomography can be
due to lateral variations in composition rather than in temperature, i.e.,
they can be even higher density areas rather than hotter lighter buoyant ma-
terial, as so far believed. In fact, considering the main low velocity in the
mantle, such as the asthenosphere, or the liquid core, the decrease in speed
of the P-waves propagating through them is related to their relatively lower
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rigidity (e.g., Secco, 1995) either generated by CO; content in the astheno-
sphere, or relatively higher density—low viscosity iron alloys in the liquid
core. As extreme examples, gold or lead has high density but low seismic
velocity. Therefore, the interpretation of tomographic images of the mantle
where the red (relatively lower velocity) areas are assumed as relatively ligh-
ter and hotter rocks can simply be wrong, i.e., these areas may even be, on
the contrary, relatively cooler and denser (Foulger et al., 2013; Tumanian
et al., 2012; Van der Hilst, 2004). With the same reasoning, blue (relatively
higher velocity) areas, which are assumed as relatively denser and cooler
rocks may be relatively warmer and lighter. Scalera, Calcagnile, and Panza
(1981) and Trampert et al. (2004) suggest that, when present, the low veloc-
ity in the mantle, below about 400 km of depth, can be due, for example, to
high concentration in iron. The conductivity of minerals increases with
increasing iron concentration, thus, at lower mantle depths, the coefficient
of thermal expansion must be very low. Both factors decrease the Rayleigh
number and make the convection very sluggish (e.g., Anderson, 2002). The
onion structure of the Earth with shells compositionally homogeneous (e.g.,
the PREM, see Anderson, 2007a) is, in this context, a misleading oversim-
plification, since the occurrence of lateral heterogeneities in the whole Earth
layers has been widely demonstrated (e.g., Panza et al., 2010; Ritsema, 2005;
Thybo, 2006; Zhang et al., 2014).

The main geometric, kinematic, and mechanical arguments against the
slab pull as the primary mechanism for moving plates and for triggering sub-
duction can be summarized as follows (mainly after Doglioni et al., 2007).

1. The dip of the slab is independent from the age of the oceanic litho-
sphere (Cruciani et al., 2005). Therefore, the supposed, increasing
with age-negative buoyancy determined by the, progressive with
time, cooling oceanic lithosphere does not control the slab dip.

2. There are no stringent constraints on the real composition of the upper
mantle (Dalton & Wood, 1993): there could be more fayalite that
increases the upper mantle density and decreases the slab negative
buoyancy.

3. Subduction processes involve also continental lithosphere that descends
to depths larger than 100—150 km (Ampferer, 1906; Dal Piaz, Hunziker,
& Martinotti, 1972; van Hinsbergen, Hatkenscheid, Spakman, Meulen-
kamp, & Wortel, 2005; Panza & Mueller, 1978; Ranalli, Pellegrini, &
D’Ofthizi, 2000; Trumpy, 1975), although the average continental crust
subducted is most probably buoyant with respect to mantle rocks
(Hermann, 2002).
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10.

11.

The oceanic lithosphere is frozen shallow (30—100 km deep) astheno-
sphere, depleted below ridges before freezing. Therefore, the oceanic
lithosphere is formed by the differentiated lighter uppermost part of
the mantle (possibly harzburgite). Then why should it be a priori heav-
ier than the undepleted deeper (100—300 km) asthenosphere? A pyro-
lite density of 3400 kg m™" in the asthenosphere lying beneath the old
oceanic lithosphere has been inferred (Jordan, 1988; Kelly et al., 2003),
i.e., larger than that of the depleted LID. A small negative buoyancy of
the lithosphere with respect to the mantle has been computed by
Afonso et al. (2007).

. Hydrothermal activity generates serpentinization of the mantle along

the ridge that further decreases density.

If the oceanic lithosphere is heavier than the underlying mantle,
why blobs of lithospheric mantle (LID), falling in the upper mantle below
the western older side of the Pacific plate, have not been detected?
Within a slab, eclogitization is assumed to increase the lithosphere
density. However, eclogitization is concentrated in the 6—8 km thick
oceanic crust, whereas the remaining 60—80 km thick lithospheric
mantle does not undergo this same transformation. Therefore, at the
most, only in 1/10 of the slab density can increase and the main mass
of the slab (90%) does not change significantly.

The density increase due to eclogitization is in contrast with the exhu-
mation of the eclogitic prism that is usually detached with respect to the
“lighter” lithospheric mantle.

. Why the lithosphere should start to subduct? This crucial point arises

particularly when considering an oceanic hydrated and serpentinized
lithosphere (Ulmer & Trommsdorft, 1995) that has not yet been meta-
morphosed by the subduction process, and consequently it is still less
dense than the surrounding rocks. In general the LID, once serpenti-
nized, as it very often occurs along ridges and transform faults (e.g.,
Panza, Peccerillo, et al., 2007), is lighter than the asthenospheric
mantle, thus how can plates be pulled?

Down-dip compression affects most of the slabs, all below 300 km
(Isacks & Molnar, 1971), most of them even at shallower depth (e.g.,
Frepoli, Selvaggi, Chiarabba, & Amato, 1996) and point out for a
slab forced to sink rather than actively sinking.

The 700 km long W-Pacific slab, where only the upper 300 km could
be negatively buoyant should pull and carry the 10,000 km wide
Pacific plate, 33 times bigger, winning the shear resistance at the



Polarized Plate Tectonics 113

12.

13.

14.

15.

plate base and the opposing basal drag induced by the relative eastward
mantle flow, inferred from the hot spots migration (Doglioni, Cuftaro,
et al., 2006).

Kinematically, subduction rollback implies that the volumes left in the
hanging wall of the slab have to be replaced by horizontal mantle flow,
whether this is a consequence or the cause of the retreat (Doglioni,
Cuftaro, et al., 1999). However, in order to allow for the slab to
move back, the slab retreat needs that also the mantle in the footwall
of the slab moves away in the direction of the slab retreat. This is
true regardless this motion is generated by the slab pull or it is an inde-
pendent mantle horizontal flow. But the energy required to push for-
ward the mantle is much greater than that the slab pull can manage.
Where there is no convergence or rather divergence occurs between
upper and lower plates (Devoti et al.,, 2008), the slab pull has been
postulated as the only possible driving mechanism. However, the
energy generated by the slab pull is not sufficient to push back eastward
the whole portion of mantle, that is located east of the slab, in order to
allow for the slab rollback. A relative eastward motion of the mantle
would be a process much more efficient, in terms of scale of the process
and mass involved, to generate the eastward slab hinge retreat and
determine active subduction without the need of plates convergence
(e.g., Apennines, Barbados).

Are faster plates surrounded by long slabs and trenches? It might be a
circular reasoning because long subduction zones might be a conse-
quence of fast movements of plates and plates are fast in the NNR refer-
ence frame (Conrad & Lithgow-Bertelloni, 2003). For example,
measuring plate motions in the hot spot reference frame, i.e., relative
to the mantle, Nazca is very slow relative to the mantle, and the
relation between plate velocity, slab age, and length of a subduction
zone turns out to be not that simple or straightforward.

In both the shallow and deep hot spot reference frames some plates
move even if there is no slab that pulls them, e.g., the westward move-
ments of North America, Africa, and South America (Gripp & Gordon,
2002). Trench suction has been proposed to explain these movements,
but beneath both North and South America the mantle is relatively
moving eastward (Bokelmann, 2002; Russo & Silver, 1994), opposite
to the kinematics required by the trench suction model.

Plate velocities in the hot spot reference frame seem to be inversely pro-
portional to the viscosity of the LVZ rather than to the length of the
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16.

17.

18.

19.

20.

21.

22.

23.

subduction zones and the age of the downgoing lithosphere. In fact in
the asthenosphere of the Pacific, which is the fastest westerly moving
plate (Gripp & Gordon, 2002), the viscosity is quite low (Pollitz
et al., 1998).

The horizontal velocity of plates is 10—100 times faster than the vertical
one (subduction-related uplift or subsidence along plate boundaries,
Kreemer, Holt, & Haines, 2002) and this fact suggests that vertical
motions are rather passive movements. Moreover, the kinematic analysis
shows that subduction rates seem to be controlled by, rather than control-
ling horizontal plate motions. For example, along E- (or NE-) directed
slabs, the subduction is slower than the convergence rate and therefore
it cannot be the energetic source capable to speed up plate motion.
The energy necessary for shortening and building an orogen is probably
larger than the one supposedly supplied by the slab pull (Doglioni at al.,
2007).

When describing the plate motions relative to the mantle both in the
shallow and deep hot spot reference frames, along E- (or NE-) directed
subduction zones the slab might move out of the mantle, e.g., in the
opposite direction of the subduction (upduction or tectonic syringe).
It is sinking because the faster upper plate overrides it (e.g., El Gabry
et al., 2013).

There are rift zones formed between plates not surrounded by oceanic
subduction (e.g., the Red Sea); in such a case no pull force to move the
lithosphere exists.

Although the knowledge of the rheological behavior of subducted lith-
osphere is very poor, it can be conjectured that the downgoing slab,
being progressively heated, loses strength, and diminishes the possibility
to mechanically transfer the pull (Mantovani et al., 2002).

The folding and unfolding of the lithosphere at the subduction hinge
decreases the slab strength and the possibly correlated slab pull.

Slab pull has been calculated to be potentially efficient only at a certain
depth (e.g., about 180 km, McKenzie, 1977) therefore the question: at
shallower depth, how does subduction initiate?

At the Earth’s surface, the oceanic lithosphere has low strength under
extension (e.g., about 8 X 10" N m ™', Liu et al, 2004) and it is able
to resist a force smaller than that requested by slab pull (about
3.3 x 10" N m ™!, Turcotte & Schubert, 2002). If the slab pull is the
main cause for the motion of the Pacific plate, this observation argues
for a stretching of the Pacific lithosphere before slab pull is able to
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move the plate. In other words, the plate cannot sustain the tensional
stresses eventually due to slab pull. This problem connected with the
low lithospheric strength could be, however, partly solved by the mantle
flow and viscous tractions acting on the plates induced by slab sinking
(e.g., Lithgow-Bertelloni and Richards, 1998). Due to low
temperature and high pressure, the strength of the subducted oceanic
lithosphere rises to some 2 x 10"°—6 x 10°N m™' (Wong A Ton &
Wortel, 1997) and would make sustainable the eventual pull induced
by density anomalies related to phase changes at depth. In summary
the subducted slab is probably able to sustain the load induced by slab
pull but probably this load cannot be transmitted to the not yet
subducted portion of the plate without breaking it apart.

24. The slab pull force will hardly be able to generate the slab rollback,
which is needed to push laterally the mantle.

25. Recent investigations of Vs and p distribution with depth by
Brandmayr etal. (2011) and El Gabry et al. (2013) are suitable to outline
the geodynamic context in the Mediterranean region. Asymmetry be-
tween W-directed (Apennines) and E-directed (Alps, Dinarides)
subductions is a robust feature of the Vs model, while p model
reveals that slabs are not denser than the ambient mantle and no
evidence for slab pull is supplied.

This long list of geometric, kinematic, and mechanical arguments against
the relevant role of slab pull in moving plates and triggering subduction casts
serious doubts on the possibility that the slab pull can actually trigger subduc-
tion, slab rollback, and drive plate motions; at the most it can be a gregarious
source of energy in some instances. Density anomalies due to phase changes
occurring at depth within the slab could enhance the sinking of the slab.
However, the slab pull alone, even if efficient at some depths, it is unable
to explain the initiation of the subduction, and the mechanism perpetuating
plate motions in general. The slab detachment model is conceived as a
consequence of the negative buoyancy of the slab and it has been invoked
many times to explain the supposed rupture of the slab in tomographic
images (e.g., Wortel & Spakman, 2000) and to fit the geochemistry of mag-
matism (e.g., Lustrino, 2005). However, tomographic images, often biased
by color scale saturation (Anderson, 2007b; Foulger et al., 2013), are based
on reference velocity models that often overestimate the velocity of the
asthenosphere where the detachment is usually modeled. Therefore, the
(apparent) detachment disappears when using slower velocity for the
asthenosphere in the reference velocity model or when considering regional
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tomographic images (e.g., Piromallo & Morelli, 2003). Recently, Rychert
et al. (2005) have shown how the base of the lithosphere—top of the
asthenosphere (LVZ, e.g., Panza, 1980) is characterized by unexpected,
few kilometers thick, extremely low velocities beneath northwestern North
America, far from subduction zones. This implies a revision, particularly in
areas characterized by strong lateral variations in composition of the subduct-
ing lithosphere (e.g., continental vs oceanic) where the use of 1D reference
velocity model is meaningless, of the velocity models resulting from relative
mantle tomography. The revision should also consider the limitations of the
theoretical framework employed in tomography; ray theory does not handle
diffraction and frequency dependence, whereas normal mode perturbation
theory requires weak and smooth lateral variations of structure (Anderson,
2007a,b; Boschi et al., 2007; Boyadzhiev et al., 2008; Foulger et al., 2013;
Panza, Raykova, et al., 2007; Romanowicz, 2003; Waldhauser et al., 2002).

Along W-directed subduction zones seismicity can reach the bottom of
the upper mantle without discontinuity or gap. Along some E- or
NE-directed subduction zones there is a seismic gap between the 300 and
550 km depth (Figure 76). The two small families of deep earthquakes
(>550 km) seem to have quite distinct characters: the events in the
W-directed slabs are characterized by faster ruptures of the fault (4 km/s)
with respect to E-directed slabs slower rupture velocity (1.5 km/s) as noted
by Zhan, Kanamori, Tsai, Helmberger, and Wei (2014). It is commonly
accepted that intermediate and deep seismicity is confined within subduct-
ing plates. In fact earthquakes hypocenters delineate what is termed
Wadati—Benioff zone and their mere presence is assumed as a sure proof
of the existence of subducting lithosphere. However, their rupturing
processes are still poorly understood. A number of possible explanations
are given by Green and Burnley (1989), Meade and Jeanloz (1991), Kirby,
Durham, and Stern (1991), Green and Houston (1995), all assuming that
these deep earthquakes are due or triggered by various phase transitions. A
comprehensive review is given by Frohlich (1989).

Along the W-directed slabs, the deep isolated seismicity between 550 and
670 km is usually interpreted as an abandoned fallen piece of slab (slab detach-
ment). However, as we have previously discussed, this type of subduction
zones has the lower plate moving westward relative to the mantle, i.e., not
actively penetrating the mantle. Within the framework of a westward relative
motion of the lithosphere with respect to the mantle, the mantle is relatively
moving “eastward.” Moreover, beneath a subduction zone, the section in
which the mantle can flow is narrower than elsewhere and, according to
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narrower section
faster decoupling

detached slab or upraised mantle?

610

Figure 76 The E—NE-directed class of subduction zones often shows a shallow slab
that reaches 200—300 km depth, sometimes flattening under the overriding plate.
Below this seismically active volume, there is a seismic gap in the mantle (apart very
few events of low magnitude). In some regions (see Figure 20) a deep cluster of earth-
quakes is present between 550 and 650 km depth. What is the origin of this deep seis-
micity often attributed to a detached slab? Here we propose that it may be related to
the narrowing of the section where the upper mantle flows beneath the subduction
zone that, accordingly with Venturi effect, generates an increment in the velocity of
mantle flow. In addition, the upward motion of the slab relative to the mantle can
generate exhumation of the underlying mantle. Therefore, the origin of deep seismicity
can be alternatively attributed to the large shear generated by the increment in the
horizontal mantle flow accompanied by a reduction in ambient pressure that acts on
an upraised higher-rigidity lower mantle. The focal mechanisms-beach balls are plotted
in side view.

the Venturi effect (or hydrodynamic paradox), the speed of the relative mo-
tion increases and the pressure decreases. This model, in our opinion, naturally
explains the faster shear within the thinner upper mantle and the seismicity at
its bottom generated by the upraise of the more rigid lower mantle due to (1)
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the lower pressure and (2) the westward motion of the slab, which is sucking
up the mantle (Figure 76). The presence of a high-velocity body at the bot-
tom of the upper mantle could therefore not be related to a detached slab, but
to an upraised part of the lower mantle. Its higher rigidity could explain the
seismicity and the positive seismic velocity anomaly reported in relative
tomography images (Figure 77). In fact pitfalls of relative tomography should
be considered that may lead to misleading interpretations: a high-velocity
body at some depth can be interpreted as a slab detachment, while, in reality,
the slab is rather continuous, or alternatively the high-velocity body repre-
sents a portion of upraised lower mantle (Figure 77).

As an example, the great Bolivia earthquake of June 9, 1994 might orig-
inate within the upper mantle and not within a subducting slab. Since the
lithospheric root in South America is not gravitationally in equilibrium
(testified by a geoid height of about 20 m), a pressure gradient within the
upper mantle must exist. Combining these two effects, the shear stress
within the upper mantle concentrates at its base and is relevant enough (at
least 10 MPa) to explain deep seismicity. This stress could in turn trigger a
phase change from spinel to perovskite and magnesium oxide that would
explain the volume reduction observed during the event. Kikuchi and
Kanamori (1994) also notice that the Bolivia rupture, in the framework of
the double-couple earthquake source model, takes place along a subhori-
zontal plane, which would be consistent with a horizontal shear generated
by a relative mantle flow at the upper-lower mantle transition. The horizon-
tal projections of P- and T-axis are almost parallel to the subduction trend
instead of being perpendicular and their best-fit solution has a relevant
implosive component. To this, we add that an event of this magnitude
(Mw = 8.2) involves a volume far larger than the whole conceivable thick-
ness the slab might have at that depth, unless a very high-stress drop,
exceeding 100 MPa, is assumed, as Kikuchi and Kanamori (1994) do.
Assuming that the Bolivia event took really place within the slab, its location
requires that the slab, if continuous, deflected to assume a slope of at least 50°
in the lower part. If the slab suddenly changes slope, and it is even interrup-
ted, it means that it does not have much internal strength. It is hard, indeed,
to find a mechanism that could explain how a weak slab can accumulate
enough internal strength below 600 km, to accommodate a stress drop of
the order of the one calculated by Kikuchi and Kanamori (1994). Most of
the elastic energy radiated by deep events is concentrated in the depth inter-
val between 580 and 640 km. Green (2007) proposed that deep earthquakes
are related to shearing instabilities accompanying high-pressure phase
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Figure 77 Relative mantle tomography evidences variations of velocity with respect to a
reference model space. While the density, p, increases with increasing depth in a normally
stratified mantle, the ratio of elastic parameters (e.g. rigidity) u over p may increase or
decrease with variations of the water content, composition, pressure, and thermal state (up-
per section). In the equations of seismic velocities (top), p appears at the denominator and
therefore an increase of p without a properly larger increase of rigidity leads to a decrease of
seismic velocity. Therefore, positive or negative variations of this ratio depend upon the
initial mineralogical and physical state of the material involved. For example, the ratio de-
creases in the LVZ and/or in the subducted continental lithosphere u/p can be lower with
respect to some hosting mantle layer; if this is the case, in tomoimages, the lithosphere is
not visible as a high-velocity body. Such a situation is at the base of the concept of slab
detachment (middle cartoon) that in the case illustrated is only apparent. Therefore, this
kind of pitfall may generate misleading interpretations on the importance of the negative
buoyancy of slabs in triggering not existing slab detachment. Similarly, a volume of
upraised mesosphere can determine a relatively higher velocity due to its higher u/p ratio.
Along E- (or NE-) directed subduction zones, such relatively faster body can be neither a slab
nor a detached slab ghost. The faster velocity of an upraised more rigid mantle (meso-
sphere) supplies a quite natural alternative interpretation for the relative tomography im-
age (lower section).
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transformations. Most of the 35 focal mechanisms given in the Harvard
CMT Catalogue for the deep (h > 500 km) events with My > 7.0 occurred
in the time interval 1979—2013 have a major extensional component, well
consistent with an accelerated mantle flow through narrow structures (e.g.,
Van der Hilst, 1995) across the lower boundary of the upper mantle. This
phenomenon leads to the reduction in pressure (Venturi effect) that is re-
flected in the extensional character of the focal mechanism of the deep
earthquakes with My > 7 which occurred close to the bottom of the tran-
sition zone, below the E- (or NE-) directed subduction zones. Therefore,
the deep seismicity of E- or NE-directed slabs can be a phenomenon natu-
rally attributed to the narrowing of the section in the upper mantle beneath
the slab, that causes a speed up of the relative motion of the mantle and
decrease the vertical pressure (Figure 76); the positive velocity anomaly in
relative tomography images can be explained by some upraise of the lower
mantle (Figure 77).

The Venturi’s eftect is the well-known paradox of fluid dynamics
according to which an incompressible fluid in laminar flow through a nar-
rowing tube increases its velocity at the expenses of its internal pressure, the
total energy to be conserved. It can be derived from Bernoulli principle of
conservation of energy:

v? p
—+ gz += = const
2 p

where v is the velocity of the fluid, z is the depth, ¢ is gravitational ac-
celeration, p is the fluid pressure, and p is its density. It is possible to write:
2 2

v 1V 2

Ao+ B =2 g 2

2 p 2 p

where the subscripts 1, 2 refer respectively to the wider and to the narrower
section. Rearranging the terms:

2 2
VL —U

pT + pg(22— 21) =p1—p2
That is the formulation of Venturi’s effect, provided that the second term
at LHS is negligible; this condition is satisfied if the value of vertical dimen-
sion of the section is negligible with respect to that of the variation of the

potential energy.
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In order to prove whether or not such an effect can occur in a mantle
flow narrowed by a subducting slab and thus evaluate at least the order of
magnitude of different terms, some simplifying assumptions are necessary.
At first we take for vy and v, the reference velocities of the overlying
plates (i.e., the hanging and the footing plate involved in the subduction).
This is not a heavy assumption, at least in the Stokes flow approximation
validity range, in which the motion is transferred instantaneously
between the plate and the underlying mantle. Then we impose the
mantle flow to take place, under normal conditions, between 120 and
670 km of depth, therefore 2z is fixed. The order of magnitude of the

kinetic term

V3 —v?
pz 1
2

as estimated from the assumed values of the parametersis ~10~'* Pa (p hasa
mean value of 3750 kg/m3, vy = 1.58 X 1077 m/s, ie., 5 cm/year, and
v, =3.17 X 1077 m/s, i.e., 10 cm/year). It follows that the kinetic term is
negligible with respect to the potential term

pg(z2— 21)

that for 2, = 300 km (i.e., a slab reaching 300 km of depth), ¢ ~10 m/s>,
and 2p—z; = —180 km, is ~10'"" Pa. Therefore, due to the vertical
dimension involved, Venturi’s effect is negligible. However, the parametric
test reported by Brandmayr (2012) where, in order to find the effect on
pressure (i.e. on stress), AP, of different depths of the subducting slab,
different values of z; are considered, shows that the values of AP vary from 1
to 9 GPa, that is a significant fraction of ambient mantle pressure at any given
depth (Table 4).

On the other hand, if we apply the conservation of the flow rate through
an upper mantle section, which narrows from A to Ay, it is possible to es-
timate vy, holding vy fixed:

As can be seen from Table 5, which shows different Zy,;, depths,
the value of 3.5 x 1077 m/s (about 10 cm/year) corresponds to a slab
reaching 300 km of depth and it is well compatible with the velocity of
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Table 4 Parametric test on the pressure variation (AP) with slab reaching different

depth (Zsub)

Zup (10° m) 2, (10° m) 2,—2z; (10° m) AP (10° Pa)
1.5 5.2 -0.3 -1.2
1.8 4.9 —0.6 —24
2.1 4.6 -0.9 -3.6
2.4 4.3 -1.2 —4.8
2.7 4.0 —1.5 —6.1
3.0 3.7 -1.8 -7.3
3.6 3.1 —2.4 -9.7
3.9 2.8 -2.7 —11.0
4.2 2.5 -3.0 —12.0
4.5 2.2 -33 —13.0

the Hellenic plate in the shallow hot spot reference frame (Doglioni et al.

2007).

6.3 Astronomical Tuning

Earth’s seismicity (e.g., Engdahl & Villasenor, 2002) decreases toward the

polar areas (Figure 78) and points to an astronomical tuning of plate tec-
tonics (Varga, Gambis, Bus, & Bizouard, 2005; Varga et al., 2012). Both
the number of earthquakes and their energy release increase toward low

latitudes, although their maximum does not coincide with the geographic

equator, but rather shows two peaks. This is coherent with the geographic

distribution of the TE and its interceptions with plate boundaries that have

Table 5 Parametric test on the upper plate velocity variation (v;) with slab reaching
different depths Z,

Zoup (10° m) 7, (10° m) 2,—2; (10° m) v, (10-° m/s) Av/v,
1.5 5.2 —0.3 1.8 0.1
1.8 4.9 —0.6 2.0 0.3
2.1 4.6 —0.9 2.3 0.4
2.4 4.3 -1.2 2.6 0.6
2.7 4.0 -15 3.0 0.9
3.0 3.7 -1.8 35 1.2
3.3 3.4 -2.1 4.1 1.6
3.6 3.1 —2.4 5.0 2.2
3.9 2.8 -27 6.1 2.9
4.2 25 -3.0 7.7 3.8
4.5 22 -3.3 9.9 5.3
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Figure 78 Space—time distributions of the main shocks listed in the global earth-
quakes catalog in the time interval 1960—2011. The size of circles is proportional to
the four M classes considered. The decrease of seismicity toward the polar areas is a
strong indication, if not an evidence, of the influence of the astronomical forces on
plate tectonics. After Varga et al. (2012).

variable latitudes (Figure 79). Moreover, the number of earthquakes and
their energy release is mostly (>90%) concentrated within the uppermost
50 km of the Earth. The segments of slabs deeper than 50 km deliver only
about 10% of the elastic energy (Figure 80). This observation suggests a
concentration of the momentum primarily acting on the lithosphere
(Riguzzi et al., 2010; Varga et al., 2012). The Gutenberg—Richter or fre-
quency/magnitude relation of seismicity indicates that there is a given
amount of energy budget available each year that is dissipated globally.
In fact, the Gutenberg—Richter relation is rectilinear at a global scale
and suggests that the energy distribution acts on the lithosphere at the scale
of the planet (Figure 81). Earthquakes with M > 6.9 deliver >90% of the
seismic energy. Seismicity is the “instantaneous” result of plate tectonics,
and the understanding of the forces governing geodynamics may provide
fundamental clues for unraveling earthquakes occurrence. Therefore, the
mechanisms that move plates are of paramount importance for tackling, in
a reliable way, the issue of seismic hazard. In fact global seismic hazard
assessment has been shown totally inadequate even when estimated by
recent international program like GSHAP (Kossobokov & Nekrasova,
2012; Wyss, Nekrasova, & Kossobokov et al., 2012).
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Figure 79 Distributions (per km?) of N* (number of events) and E* (energy) of the
earthquakes with M > 7.0 along Earth'’s latitude (10° discretization step) for the time
interval 1960—2011. The seismicity decreases toward the polar areas and has a
maximum in the latitude range from —10° to 0°. The increase toward low latitudes
of N* and E* supports the existence of a contribution of the Earth’s rotation to plate
tectonics. After Varga et al. (2012).

The most energetic earthquakes form along subduction zones because they
are cold zones, and to break rocks that are under contraction needs more
energy than to break those under extension. The Gutenberg—Richter law
implies that large magnitude earthquakes are very rare events (Stein &
Wysession, 2003), thus the energy released by one big earthquake seems to
deplete temporally the energy budget of plate tectonics, i.e., a slab interacting
with the surrounding mantle is not an isolated system, but it participates to a
global expenditure of the stored energy. Plate tectonics is an Earth’s scale phe-
nomenology, and the energy necessary for its existence is not concentrated in
limited zones (e.g., subduction zones), but it is contemporaneously distributed
all over the whole Earth’s lithosphere, like the Earth’s rotation. R omashkova
(2009) has recently shown how the planet seismicity indicates that the Earth’s
lithosphere can be considered as a single whole. Only the global seismicity
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Figure 80 Depth distribution of seismicity with M > 6.9 based on not declustered
seismic catalogs (i.e., including aftershocks). Most of the earthquakes and energy are
delivered in the first 50 km, and show that the main force acting on the system is likely
concentrated on the lithosphere. Courtesy of Federica Riguzzi and Peter Varga.

follows the Gutenberg—Richter law, while this simple relation does not hold
when considering smaller portions of the Earth (Molchan, Kronrod, & Panza,
1997; Nekrasova & Kossobokov, 2006).

All these evidence and models are in favor, even if not conclusive, of
a significant energy contribution to plate tectonics by the Earth’s rota-
tion. Therefore, when there is a great earthquake in Japan, the litho-
sphere in Indonesia “knows” that some energy has been delivered
elsewhere. This favors the concept of the lithosphere as a self-
organized system in a critical state—SOC system (Keilis-Borok & Solo-
viev, 2003; Stern, 2002) that can be extended to the whole geodynamic
setting (Riguzzi et al., 2010). The slab pull concept is a local process that
takes place between the slab and the ambient mantle. The only mechanism
that acts globally on the lithosphere and mantle is the Earth’s rotation. Tidal
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Figure 81 The Gutenberg—Richter law supports that the whole lithosphere is a self-
organized system in critical state, i.e., a force is acting contemporaneously on all the
plates and distributes the energy over the whole lithospheric shell, a condition that
can be satisfied by a force acting at the astronomical scale.

drag and rotational effects can trigger the westerly displacement of the lith-
osphere and polarize the convection system as well as the dissipation of the

elastic energy in the shallow Earth’s layers (Figure 82). The larger (possibly
three to one) volumes of lithosphere recycled along W-directed subduction
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Figure 82 Vs absolute tomography after Panza et al. (2010) along the tectonic equator
in which are schematized the inferred westerly polarized velocity vectors of the litho-
sphere (black arrows) and of the mantle “eastward” relative motion (gray arrows).
Concentrated large volumes of lithosphere are recycled along the western Pacific slabs.
The mantle compensates for the lithospheric loss with a diffuse relatively easterly
directed upwelling, up to the sheared LVZ, where the lithosphere is decoupled and
shifts to the west. Numbers above the tomographic section indicate the age of the
oceanic crust. After Doglioni and Anderson (2015).
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zones with respect to the E- or NE-directed ones suggest the existence of a
polarized mantle convection consistent with the asymmetric pattern of
contractional or diverging plate boundaries previously discussed (Figure 83).
Larger W-directed volumes along narrow subduction zones imply a mass
balance of a large-scale return slow flow of the mantle toward the “east”
(Figures 82 and 83). The Earth’s rotation and the misalignment of the tidal
bulge exert on the Earth a permanent westerly directed torque that is likely
responsible for the polarized westward drift of the lithosphere along the TE
(Figure 84). This torque slows down Earth’s rotation speed and explains the
receding of the Moon relative to the Earth for the conservation of the
angular momentum. The tidal oscillations determine variations of ¢, which
modify the lithostatic load. The increase or decrease of the acceleration of
gravity enlarges or reduces the differential stress, hence favoring or contrast-
ing the rupture of rocks. In fact, the extensional earthquakes tend to occur
more frequently during low tides (high g and dominant o1, enlarging the
Mohr circle to the right), whereas contractional earthquakes develop
more often during high tides (low g and dominant &3, enlarging the
Mohr circle to the left) as suggested by Riguzzi et al. (2010) and illustrated
in Figure 85. In fact, it has been observed some correlation between seis-
micity and ocean tides (i.e., at continent—ocean margins) (Cochran, Vidale,
& Tanaka, 2004; Métivier et al., 2009; Wilcock, 2001). For example, along
the Cascadia subduction zone in the western North America, it has been
noted that tremors are correlated during the high tide. Conversely, normal
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Figure 83 Model for the upper mantle circulation. The lower the asthenospheric vis-
cosity, the faster the W-ward displacement of the overlying plate. The asthenospheric
depletion at oceanic ridges increases the local viscosity while decreases the
lithosphere—asthenosphere decoupling. As a consequence the plate to the east is
perpetuating to be the slowest. The oceanic lithosphere subducting E-ward enters
the asthenosphere where again it undergoes melting thus refertilizing the astheno-
sphere. W-directed subductions provide deeper circulation than E- (or NE-) ones. The
E-directed slab (the Andes) moves out of the mantle (upduction), but it is overridden
by the upper plate. After Doglioni et al. (2007).
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Figure 84 Cartoon showing how Earth, viewed from the southern pole, is undergoing
two opposite torques. The tidal torque is opposing Earth’s rotation, whereas convection
is speeding up the spinning due to the accumulation of heavier material toward the
inner parts of the planet. Such accumulation process increases the dimension of the in-
ner core and increases the density of the lower mantle. Very-low viscosity, hydrated
layers are inferred in the nonlinear rheology asthenosphere where the tides cause me-
chanical fatigue. The combination of these different processes can lead to decoupling
between the lithosphere and the underlying upper mantle, where vigorous convection
takes place. After Scoppola et al. (2006).

fault-related earthquakes seem more frequent during the low tide
(Figure 85). The tidal forces are too small to generate earthquakes within
continental areas, and for this reason they have been disregarded for long
time. However, the tide can be decomposed into a horizontal and a vertical
component. In our model, under the effect of the “westerly” oriented tidal
friction, the horizontal component of the solid Earth (body) tide has a hys-
teresis, resulting in a westerly directed shift of plates. This motion inputs en-
ergy to a given locked fault. When the critical state is reached, even a small
change in the lithostatic load can trigger the earthquake. During the high
tide (regardless if oceanic or solid Earth), the gravity is at a minimum,
whereas during the low tide, it is at a maximum. Since the lithostatic load
pgz (being p, the density of rocks, ¢, the acceleration of gravity, and z,
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Figure 85 The misalignment (delay) of the Earth’s tidal bulge with respect to the (grav-
itational) Earth—Moon alignment. The 2°—3° shift is due to the viscoelastic nature of
the Earth. This distribution of the mass tends to pull the planet along the gravitational
alignment that acts on the Moon'’s revolution plane, permanently toward the “west.”
Since this action is opposed to the E-ward rotation of the planet, this torque is consid-
ered responsible for the slow Earth’s despinning. The torque can push the lithosphere
horizontally, westward relative to the underlying mantle: body tides generate waves
that swing the lithosphere horizontally and vertically, and are accompanied by gravity
variations of opposite sign. Therefore, the lithosphere undergoes a permanent and iso-
riented oscillation. During their passage, tidal waves determine very small variations of
gravity. These slight variations of the lithostatic load act on a lithosphere, which is
slowly but persistently pushed westward, and determine the increase or decrease of
the maximum stress tensor (a1) in extensional environments, or the minimum stress
tensor (o3) in compressional tectonic settings. Therefore, the same variation of the
lithostatic load acts in an opposite way in the two different tectonic settings. In this
model, the horizontal component of the solid Earth tide slowly accumulates the stress,
whereas the vertical component allows for the downloading of the stress as a function
of the tectonic setting and the orientation of the faults relative to the tidal waves.
Normal faults may activate more easily during a low tide (relatively higher gravity
and stronger lithostatic load increase the differential stress and facilitate rock failure),
whereas reverse faults may move more easily during a high tide (relatively lower gravity
and smaller lithostatic load increase the differential stress and facilitate rock failure).
Modified after Riguzzi et al. (2010).
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the thickness of the rocks column) acts as the minimum stress tensor (G3) in
compressional tectonic settings and the maximum stress tensor (1) in
extensional tectonic settings, their variation determines opposite effects on
the activation of faults. The differential stress increases during the high
tide in compressional regimes (i.e., the lithostatic load decreases with
decreasing g), thus favoring earthquake nucleation. Alternatively, the differ-
ential stress increases during the low tide in extensional regimes (i.e., the
lithostatic load increases with increasing g). Therefore, high tide favors fault
slip in compressional environment, whereas the low tide may rather trigger
normal faulting, which is exactly what observed due to the change of the
lithostatic load which has an opposite effect as a function of the tectonic
setting (Figure 85). For these reasons, the two tidal components could be
considered as potentially relevant for earthquake occurrence, since the hor-
izontal one under the effect of the tidal friction contributes to the accumu-
lation of energy during the centuries, and the vertical one acts as the final
drop that generates the instability of the fault at the coseismic stage. More-
over, besides astronomical variations, even loading or unloading of snow
may be an effective seismic trigger in varying the vertical load (Heki,
2003; Panza, Peresan, & Zuccolo, 2011).

Based on the previous discussions, the observed phenomenology of
plate tectonics confirms mantle convection, but it appears to be governed
from the top, i.e., an astronomically sheared lithosphere travels westward
along the TE, facilitated by the decoupling allowed by the presence, at
the top of the asthenosphere, of a continuous global flow within
the Earth low-viscosity LVZ that is in superadiabatic conditions
(Figure 86).

The westerly directed torque of the tidal drag can drive the shear if the
LVZ has a sufficiently low viscosity (Figure 87). Therefore, a sort of polar-
ized CCW flow of lithosphere and mantle can be envisaged, e.g., the “bi-
cycle” circuit proposed by Doglioni and Anderson (2015) shown in
Figure 88. To summarize, the lithospheric movement can be compared to
the motion of a worm that is contracted and uplifted, then elongated and
lowered while advancing (Figure 89). This model explains why, unlike
Earth, satellites where stronger gravitational tides operate (e.g., the Moon,
the four largest of Jupiter’s satellites, Io, Europa, Ganymede, Callisto) and
internal convection is low or absent have reached the orbital resonance con-
dition (Boccaletti & Pucacco, 2002), or tidal locking, where the time of
rotation equals the time of revolution around the main planet, and plate tec-
tonics do not occur. On the other hand, moonless and single plate with
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Figure 86 The surface observables (a) are compared with three models of plate
dynamics, where plate motion is induced by classic mantle convection (b), boundary
forces (c), or the combination of the aforementioned mechanism plus the rotational
drag (d). After Doglioni et al. (2007).

stagnant crust-LID planets do not show plate tectonics similar to that of the
Earth (Breuer & Spohn, 2003), while recently Kobayashi and Sprenke
(2010) have shown that the crustal magnetic anomalies on Mars may repre-
sent hot spot tracks resulting from lithospheric drift on ancient Mars. The
“pole-fleeing” mechanism of Eotvos (1913) has also been invoked as a
potential mechanism (Varga et al., 2014).
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Figure 87 The westward drift of the lithosphere relative to the mantle can be gener-
ated by the torque exerted by the misalignment of the excess of mass of the Earth'’s
bulge with respect to the Earth—Moon gravitational alignment. This motion is consis-
tent with the presence of a hot, low-viscosity layer at the base of the lithosphere, within
the low-velocity zone (LVZ) in the uppermost asthenosphere. The tidal oscillation of the
lithosphere facilitates the decoupling. Mantle convection appears polarized due to the
oscillating westerly directed tidal drag. The horizontal component of the body tide can
slowly but steadily shift the lithosphere relative to the underlying mantle. Therefore,
plate tectonics can be a combination of mass transfer within the planet, but polarized
by the astronomical tuning.

7. DISCUSSION

As it is well known, Plate tectonics is the theory explaining the evo-
lution of the outermost and brittle shell of the Earth, fragmented in several
different pieces that move relative to each other and relative to the under-
lying mantle. This motion controls not only the present structure of the
Earth lithosphere and the seismic phenomena in it but also the structure
of the deeper layers of the upper mantle. Although this theory is today
widely accepted and several geological, geophysical, and geodetic evidence
corroborate it, there is not general consensus on the driving mechanisms that
cause the plate’s motion. As a matter of fact, the plate motion is the result of
difterent conspiring force fields.
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Figure 88 The counterclockwise convection results in lateral variations of mantle po-
tential temperature (Tp). The Tp of a parcel of fluid at pressure P is the temperature
that the parcel would acquire if adiabatically brought to a standard reference pressure
Po, usually 1 bar (e.g., the Earth’s surface). Along subduction zones the ambient mantle
is inferred to be cooler than elsewhere. The thermal buffer exerted by the cold litho-
sphere, the radiogenic decay, and the shear heating in the LVZ, they all concur to
the existence of an upper asthenosphere in superadiabatic conditions and a lower up-
per mantle in subadiabatic conditions. The westward drift of the lithosphere polarizes
the “bicycle” and the relative easterly directed compensating mantle flow that balances
the slab loss along W-directed subduction zones. The intrinsically buoyant harzburgite
component of slabs contributes to the upward return flow. After Doglioni and Anderson
(2015).
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Figure 89 The solid Earth’s tide generates a wave, which uplifts and shifts horizontally
the lithosphere. A hysteresis of about 0.15 mm (variable with latitude) should accumu-
late after every solid Earth’s passage, due to the westerly directed torque acting on the
lithosphere. At the end of the year, this sums up to the few centimeters motion of the
lithosphere relative to the mantle. The horizontal component of tides may be the en-
ergy pumping system at plate boundaries where faults are gradually loaded of energy
over the centuries. The vertical oscillation modifies the acceleration of gravity (g), and is
interpreted as the triggering mechanism of earthquakes on faults that have reached
the critical state. The model proposes that the westward drift deforms the lithosphere
as a worm, which is crawling.
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Two different reference frames are generally used to represent absolute
plate motion: (1) the hot spots reference, which is based on the assumption
that hot spots are fixed with respect to the mesosphere (the mantle under-
lying the asthenosphere) and to one another; (2) the mean-lithosphere refer-
ence, which is based on the NNR condition (Solomon & Sleep, 1974) and it
assumes a uniform coupling between lithosphere and asthenosphere. This
hypothesis is contradicted, as we have seen, by an increasing number of seis-
mological proofs and laboratory experiments. In the deep hot spot reference
frame the plates show an average westward motion with respect to the un-
derlying mantle which turns out into a complete westward polarization in
the shallow hot spot reference frame (Cuftaro & Doglioni, 2007), that is usu-
ally referred to as “westward drift” of the lithosphere. The westward motion
persists even if the plate’s motion is calculated with respect to Antarctica
plate (Knopoft & Leeds, 1972; Le Pichon, 1968).

In the interpretation of the shallow hot spot reference all plates on Earth
move westward relative to the subasthenospheric mantle (the mesosphere),
although with different velocities, and with a trend parallel to the TE
(Doglioni, 1993a). For example, in the shallow hot spot reference frame
the mantle is relatively moving eastward with respect to the Nazca plate,
as suggested from the shear-wave splitting analysis (Russo & Silver, 1994).
Such a reference frame would provide a mechanism that makes continu-
ously available new fertile asthenosphere that melts beneath the
westward-migrating EPR (Panza et al., 2010). In contrast with these data,
the deep hot spot reference would rather predict a subasthenospheric mantle
that shifts westward beneath the Nazca plate, which is at odd with all the
aforementioned discussion.

There are two competing hypotheses about the kinematics and the
mechanism driving the W-ward rotation of the lithosphere relative to the
mantle. Hypothesis A states that lateral viscosity and density variations in
the mantle can be the primary sources of the net rotation, and the net rota-
tion is only a mean rotation mainly generated by the relatively stronger pull
of slabs surrounding the western Pacific. Consequently the relatively faster
W-ward velocity of the Pacific plate dominates the global kinematics of
plates and gives a W-ward residual to the whole lithosphere (e.g.,
O’Connell, Gable, & Hager, 1991; Ricard et al., 1991). The alternative
hypothesis B interprets the net rotation as the result of the rotational drag
on the lithosphere due to the tides that affect both the fluid and solid Earth
(e.g., Bostrom, 1971; Knopoff & Leeds, 1972; Moore, 1973; Nelson &
Temple, 1972). According to hypothesis B, the motion of the lithosphere
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to the W is driven by the concurrent action of Earth’s rotation, tidal despin-
ning, and mantle convection (e.g., Crespi et al., 2007; Cuffaro & Doglioni,
2007; Doglioni et al., 2005; Riguzzi et al., 2010).

The amount of the net rotation of the lithosphere with respect to the
mantle is controlled by the viscosity contrast in the upper asthenosphere,
whose lateral variations control the plate interactions (Doglioni et al.,
2011). Crespi et al. (2007) introduced the concept of tectonic mainstream
based on geological evidence and consistently with geodetic data under
three difterent hypotheses regarding the source depths of Pacific hot spot.
This lead to the definition TE, which is the great circle depicting the
flow line that approximates the path of the westward mainstream of the lith-
osphere with respect to the mantle, i.e., the line along which plates move
over the Earth’s surface with the fastest mean angular velocity toward the
W, relative to the mantle. Its latitude range is about the same of the
Moon maximum declination range of its revolution plane (about 28°), indi-
rectly supporting the relevance of Moon’s tidal drag for plate’s motion. A
global reconstruction of the seismic shear-wave anisotropy in the astheno-
sphere (Debayle et al., 2005; Montagner & Guillot, 2003) fits quite well
the flow of plate’s motion, apart along subduction zones where the shear-
wave splitting anisotropy shows orthogonal trend compatible with the reor-
ientation of a flow encroaching an obstacle (Figure 55).

When considering a migrating subduction hinge, the kinematics of
convergent geodynamic settings shows that subduction zone rates can be
faster or slower than convergent rates as a function of whether the subduc-
tion hinge migrates away or toward the upper plate. This (opposite)
behavior occurs in particular along W-directed and E- (or NE-) directed
subduction zones, respectively. Along W-directed slabs, the subduction
rate is the convergence rate plus the slab retreat rate, which tends to equal
the backarc extension rate minus the accretion rate. Along E- (or NE-)
directed slabs, the subduction rate is decreased by the shortening in the up-
per plate. Relative to the mantle, the W-directed slab hinges are fixed,
whereas they move west or southwest along E- (or NE-) directed subduc-
tion zones. Therefore, subduction zones appear as passive features controlled
by the far-field plate velocities and their motion relative to the underlying
“eastward” mantle flow, rather than by the negative buoyancy alone of
the downgoing plate (Brandmayr et al., 2011; Doglioni, Cuftaro et al.,
2006; El Gabry et al., 2013). The convergence/shortening ratio is regularly
>1 along E- (or NE-) directed subduction zones, whereas it is < 1 along the
converse W-directed slabs. This value is sensitive to the viscosity of the
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upper continental lithosphere. High ratio means high viscosity of the litho-
sphere, i.e., the lithosphere is stiffer and it sustains the convergence, while
most of it is absorbed by subduction. The observation that the convergence
is faster than the shortening supports the notion that the plate boundary
(subduction and related orogen) is a passive feature, and does not provide
relevant driving energy for plate motions. Kinematically, when plate
motions are analyzed relative to the shallow hot spot reference frame the
slab is moving out of the mantle along E- (or NE-) directed subduction
zones, i.e., moving in the direction opposite to the one predicted by the
slab pull (Doglioni et al., 2007; El Gabry et al., 2013). This kinematic recon-
struction is coherent with the frequent intraslab down-dip earthquakes with
extension focal mechanism that characterizes E- (or NE-) directed subduc-
tion zones (e.g., Isacks & Molnar, 1971). Accordingly with Doglioni et al.
(2009) the corner flow induced in the ambient mantle by the subduction
zones (e.g., Turcotte & Schubert, 2002) is not a general mechanism but it
occurs dominantly along W- (or SW-) directed subduction systems. Along
the E- (or NE-) directed subduction zones, where plates move W-ward or
SW-ward relative to the mantle, in a direction opposite to that of the sub-
duction (Cuffaro & Doglioni, 2007), where the dominant process is upduc-
tion, i.e., the motion of the slab generates an upward flow of the mantle
beneath the subduction zone, sucking up the mantle and depressurizing it
(the tectonic syringe).

The upduction of the mantle inferred at depth along E- (or NE-)
directed subduction zones provides a mechanism for syn-subduction alkaline
magmatism in the upper plate, with or without contemporaneous rifting in
the backarc. In fact, relative to the mantle, the lower plate is moving west-
ward out of the mantle, in the direction opposed to the dip of the slab
(upduction). The subduction occurs because the upper plate is moving west-
ward faster than the lower plate. A number of subduction zones are charac-
terized by alkaline magmatism in the foreland of the retrobelt or within the
orogen itself (e.g., Mineralnie Vodi in the northern Caucasus; Euganei Hills
in the Southern Alps; Patagonia in the Andes; the Kula Na-rich magmatism
in the northern Taurides). This magmatism may be related to upduction of
the mantle due to the opposite slab motion. The deeper, more viscous, and
rigid is the mantle the crystallographic structure is more compact and seismic
velocities are larger. The fluids released from the slab into the overlying
mantle should cause a decrease of viscosity in the hanging wall of the sub-
duction, at the bottom of the upper plate. The top of the asthenosphere is
the main decollement surface of the lithosphere, and the decrease of the
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viscosity can increase the decoupling. Therefore, the upper plate increases its
velocity and moves away from the lower plate along the W- (or SW-)
directed subduction zones. This facilitates the formation of the backarc
spreading. Along the E- (or NE-) directed subduction zones, the upper plate
is converging faster with respect to the lower plate and this facilitates the
generation of double verging orogens such as the Andes and Himalayas.
This mechanism upraises the mantle from deeper levels, where seismic
velocities are faster with respect to the shallower mantle. This could explain
the ghost of a slab of tomographic origin, beneath E- (or NE-) directed sub-
duction zones, where the presence of a real slab is questioned by the absence
of space continuity in hypocenter’s distribution.

The rise of denser material from below is in quite good agreement with
the geoid undulations. Therefore, W- (or SW-) directed subduction zones
bring larger volumes of lithosphere back into the mantle than the converse
E- (or NE-) directed subduction zones. The rate of sinking of W- (or SW-)
directed subduction zones is controlled by the interaction of the slab with
the “easterly” relative mantle wind, the main responsible of the retreat of
the subduction hinge, and by the far-field velocities of the plates and the
size of the negative slab buoyancy. On the other side, E- (or NE-) directed
subduction zones have rates chiefly determined by the far-field velocity of
plates, since the subduction hinge generally advances toward the upper plate
and decreases the subduction rate. A quite remarkable feature of E- (or NE-)
directed subductions is the fact that the deep seismicity (focal depth
>580 km) occurs only where the intermediate one, which delineates the
subducting slab, reaches about 300 km of depth while it is absent elsewhere,
as can be seen in Figure 4 of Riguzzi et al. (2010). This may indicate that
some critical value in the pressure variation due to Venturi effect is necessary
to allow for the shear stress, built at the lower—middle mantle discontinuity
and primarily due to phase changes in its pyroxene—garnet part (Anderson,
1976), to give rise to earthquakes. This is the main difference between the
two examples considered: Hellenides and Andes.

Regardless the hot spot reference frame considered, the Africa plate
moves westward, 1.e, opposite to a hypothetic Atlantic ridge push (Crespi
etal., 2007; Gripp & Gordon, 2002) even if it does not have any subducting
slab in its western side. The only slabs attached to Africa are at its northern
margin, ie., the Hellenic—Cyprus and Apennines subduction zones.
Although problematic, another small, finger-like, E-directed slab has been
supposed beneath the Gibraltar arc (Gutscher et al., 2002). The Hellenic—
Cyprus slab is also NE-ward directed, i.e., opposite to the direction of
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motion of the Africa plate to which is attached. However, since it is
WSW-ward moving together with Africa relative to the mantle, it provides
kinematic evidence of no dynamic relationship between the motion of
Africa, which is moving away from the trench, and the slab. Moreover, since
the slab is not actively entering into the mantle, its existence cannot be
ascribed to the negative buoyancy of the downgoing lithosphere. The
Apennines slab is retreating and W-directed. These northern Africa subduc-
tion zones are a small percentage of the plate boundaries surrounding Africa,
and they dip in opposite directions with respect to the absolute motion of
the plate. Therefore, they cannot be the cause of its motion. The analyzed
kinematics frames suggest that subduction zones have rates of sinking
controlled by far-field plate velocities, hinge migration direction, and sub-
duction polarity and claim for a passive behavior of the slabs. This is even
truer if the net “westward” rotation of the lithosphere is a global phenom-
enon rather than the simple average of plate motions (Scoppola et al., 2000).

Rift zones are also asymmetric, with the eastern side more elevated with
respect to the western one by ~100—300 m worldwide (Doglioni et al.,
2003) and this asymmetry extends to mantle depths (Panza et al., 2010).
Based on a surface wave tomographic three-dimensional model of the Earth’s
uppermost 300 km, a global cross section parallel to the equator of the net
rotation of the lithosphere, the TE, shows that Vs are different at the western
when compared to those of the eastern flanks of the three major oceanic rift
basins (Pacific, Atlantic, and Indian ridges). In general, the western limbs have
a faster velocity and thicker lithosphere relative to the eastern or northeastern
one, whereas the uppermost asthenosphere is faster in the eastern limb than in
the western limb. The difference between the two flanks can be the result of
the combination of mantle depletion along the oceanic rifts and of the west-
ward migration of the ridges and of the lithosphere relative to the mantle.
The low-velocity layer in the upper asthenosphere in the depth range
120—200 km represents the decoupling zone between the lithosphere and
the underlying mantle, as it is well defined by the distribution of radial anisot-
ropy that reaches minimum values close to the rifts, but with an eastward
offset (Panza, et al. 2010). The fertile asthenosphere coming from the west
melts and depletes along the ridge. Continuing its journey to the east, the
depleted asthenosphere is more viscous and lighter and slows down the
motion of the plate to the east (Doglioni et al., 2005; Panza et al., 2010). Sub-
duction zones directed to the E (or NE), along the mantle counterflow,
might refertilize the upper mantle, whereas W- (or SW-) directed subduction
zones would penetrate deeper into the mantle.
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Mantle convection is also inadequate to explain the Earth’s surface kine-
matics. It is generally assumed that “purely” oceanic plates travel faster than
plates that encompass large fractions of continental lithosphere. However,
Gripp and Gordon (2002), even in the deep hot spot reference frame,
have shown that the South American plate is moving faster than the purely
oceanic Nazca plate. Another common assumption is that plates move away
from ridges, but again, in the deep reference frame, Africa is moving toward
the mid-Atlantic ridge, although slower than South America. Moreover,
Africa is moving away from the Hellenic subduction zone.

The subduction rate of about 300 km®/yr along over 76,000 km of sub-
duction zones would take about only 170 Ma to consume the whole litho-
sphere. This is very much interesting because this value is close to the oldest
oceanic crust of the world, which confirms its robustness. Moreover it
would take about 857 Ma for recycling the upper mantle down to the
670 km discontinuity. Therefore the upper mantle should have been
re-homogeneized at least 4—5 times since the Earth’s accretion, supporting
a more vigorous convection in the upper mantle with respect to the lower
mantle. Moreover, another intriguing result is that the W-directed subduc-
tion zones (31,700 km) provide a volume recycling more than three times
larger than along the E- or NE-directed subduction zones (44,700 km),
confirming an asymmetric pattern of plate tectonics.

So what is moving the lithosphere relative to the mantle? The only
reasonable mechanisms are the slab pull and/or rotational forces and the tidal
friction. However, the slab pull model is hampered by a number of incon-
sistencies previously discussed. Slab pull alone does not seem to be able to
determine plate motions in general, although it could facilitate subduction
once started. An alternative and/or complementary source of energy for
plate’s motion is the tidal drag exerted by the Moon and the Sun on the
Earth rotation. Plate motions driven by the Earth’s rotation seem to be
the simplest and natural explanation for the observed asymmetry along
the subduction and rift zones (Panza et al., 2010; Riguzzi et al., 2010).

In plate tectonics it is assumed that the inertia and acceleration of the in-
dividual plates are nonexistent or negligible, and thus the plates are in
dynamic equilibrium (Forsyth & Uyeda, 1975). At present, the solid Earth
can be considered in energetic equilibrium: there is no statistically meaning-
ful difference between the total of income and expenditure energy rates
(Riguzzi et al. 2010). This circumstance allows for relatively small energy
sources to influence global tectonic processes and therefore the tidal despin-
ning can contribute to plate tectonics through the westward lithospheric
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drift (Bostrom, 1971; Knopoff & Leeds, 1972). Small perturbations in the
velocity of rotation trigger the release of a large amount of energy and seis-
micity (Press & Briggs, 1975).

The asymmetries between “W”-directed (e.g., Tonga, Barbados) and
“E”- or NE-directed (e.g., Andes, Zagros, Himalaya) subduction zones are
robust features of a polarized geodynamics. The Mediterranean orogens
show two distinct signatures as well, which are similar to those occurring
on opposite sides of the Pacific Ocean. High morphological and structural el-
evations, double vergence, thick crust, involvement of deep crustal rocks, and
shallow foredeeps characterize E- (or NE-) directed subduction zones (Alps—
Betics and Dinarides—Hellenides—Taurides). Conversely, low morpholog-
ical and structural elevations, single vergence, thin crust, involvement of
shallow rocks, deep foredeeps, and a widely developed backarc basin charac-
terize the W-directed subduction zones of the Apennines and Carpathians.
This asymmetry can be ascribed to the generalized westward drift of the lith-
osphere relative to the underlying mantle (Carminati & Doglioni, 2005).

The slabs whose density reveals to be possibly lighter than that of the
ambient mantle (Brandmayr et al., 2011), supply no evidence for slab pull
as the driving mechanism of plate motion. In the eastern Mediterranean
the LAS exhibits features, which suggest the presence of upducted astheno-
sphere exhumed to the north of the Hellenic arc, where the slab extension is
limited to depths of about 220 km (EI Gabry et al., 2013). The evidence pre-
sented by Cruciani et al. (2005) casts further doubts on the effectiveness of
the slab pull, as indicated also by the down-dip compression occurring in
several slabs (Frepoli et al., 1996; Isacks & Molnar, 1971) and the subduction
of continental lithosphere is now a quite widely accepted process by the
Earth Sciences community (e.g., Frezzotti et al., 2009; Panza, Raykova,
et al., 2007). On the other hand, in the Red Sea and in the Gulf of Suez,
it has been demonstrated that the uprising of the mantle postdates the
stretching in the lithosphere (Bohannon, Naeser, Schmidt, & Zimmermann,
1989; Moretti & Chenet, 1987) and consequently the mantle rise seems to
be more a passive isostatic phenomenon than the primary driving mecha-
nism (ridge push).

All the data and interpretations listed so far point to an asymmetric Earth,
whose origin is here tentatively related to the Earths rotation and its tidal
despinning (Riguzzi et al., 2010). Tidal drag maintains the lithosphere under
a permanent high-frequency vibration, polarized and sheared toward the
west (Doglioni et al., 2011). Earth’s rotation and the resisting force exerted
by the lag of the tidal bulge (Bostrom, 1971; Knopoff & Leeds, 1972; Le
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Pichon, 1968; Moore, 1973; Scoppola et al., 2006) have been proved to be
efficient only if very-low-viscosity material occurs at the lithosphere—
asthenosphere transition. Jordan (1974), Ricard et al. (1991), and Ranalli
(2000) have suggested that this hypothesis is incompatible with current esti-
mates of upper mantle viscosities. It is clear that a main and crucial key point
is to determine realistic values for the viscosity of the asthenosphere. Postgla-
cial rebound analysis provided important constraints on mantle viscosity
structure, but the use of this method cannot reveal the presence of a rela-
tively thin low-viscosity layer hosted in the asthenospheric LVZ (Doglioni
etal., 2011; Scoppola et al., 2006, and reference therein). Moreover, the vis-
cosity in the asthenospheric low-velocity zone can be even three orders of
magnitude lower when measured under horizontal shear with respect to
the viscosity computed by vertical unloading, due to postglacial rebound
(Doglioni et al., 2011; Riguzzi et al., 2010; Scoppola et al., 2006). This is
confirmed by Jin et al. (1994) who showed how intracrystalline melt in
the asthenospheric peridotites under shear could generate a viscosity as
low 10" Pa s, compatible with the efficiency of tidal drag. These very
low values require the presence of high melt fractions, which is compatible
with a hotter than expected asthenosphere (Anderson, 2011) and the low
values of radial anisotropy in the LVZ (Panza et al., 2010). Anderson
(2013) inferred that temperatures at 200 km of depth can be as high as
1600 °C, which explains the low strength/viscosity as well as temperatures
of some midplate magmas (Hawaii).

As discussed, gravitational body forces produced at subduction zones
(slab pull) and at oceanic ridges (ridge push) have been considered potential
driving forces of the plate-tectonic process. However, in Chapter 6.2, we
have shown an endless number of reasons why the slab pull alone cannot
be the driving force for plate tectonics, and the ridge push is even one order
of magnitude lower than the slab pull (e.g., Ranalli, 1995). Moreover, the
ridge push, related to the topographic excess, should be higher along
elevated orogens, where on the contrary, plates converge rather than
diverge. Boundary forces such as slab pull and ridge push should in principle
decrease moving away from the energy source, but plates rather show inter-
nal homogeneous velocity.

Mantle convection could satisfy a steady-state speed of the overlying lith-
osphere, assuming low or no decoupling at the asthenosphere interface.
However, mantle convection, which can be inhibited by thermal gradients
weaker than the adiabatic one (Anderson, 2007b; 2013; Birch, 1952; Bullen,
1947) is kinematically problematic in explaining the migration of plate
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boundaries and the occurrence of a decoupling surface at the base of the lith-
osphere. Although a combination of all forces acting on the lithosphere is
likely, the decoupling between lithosphere and mantle suggests that a torque
acts on the lithosphere independently of the mantle drag. Slab pull and ridge
push are candidates for contributing to this torque, but they have a number
of aforementioned counterarguments. Unlike these boundary forces, the
Earth’s rotation and related tidal drag are volume forces that act simulta-
neously and tangentially on the whole plates, with obvious energetic advan-
tages. Tidal drag maintains the lithosphere under a permanent short period
(hours) vibration, polarized and sheared toward the “west.” Earth’s rotation
and the break exerted by the lag of the tidal bulge (Bostrom, 1971) can be
efficient only if very-low viscosity occur at the lithosphere—asthenosphere
transition (Jordan, 1974) and growing evidence are emerging about the pres-
ence of a very-low-viscosity layer at the very top of the asthenosphere (e.g.,
Rychert et al., 2005), possibly related to very high fluids concentration in
the mantle, and superadiabaticity of the LVZ that may allow plate decou-
pling (Doglioni et al., 2011).

During the last years it has been proposed that the misalignment of the
tidal bulge relative to the gravitational Earth—Moon alignment, due to the
anelastic reaction of the Earth with respect to the Moon gravity field
(Figures 85 and 87), could be responsible for the westerly directed torque
acting on the lithosphere (Riguzzi et al., 2010; Scoppola et al., 2006). A
permanent oscillation acting on two layers with a difference in viscosity
of about 8—10 orders of magnitude allow for the decoupling between
the lithosphere and the asthenosphere (Doglioni et al., 2011). Within
the decoupling layer, the mantle is undergoing shearing and crystals
may roll due to the intracrystalline melt and lower the viscosity along
the horizontal shear (Figure 2). If a segment of lithosphere is moving
westward faster relative to another segment to the east, a lower viscosity,
which generates a rifting in the overlying lithosphere, can be inferred
within the LVZ beneath that plate (Figure 13). The spreading is transferred
up toward the surface into the brittle regime layer where most of the faults
and related earthquake develop. In case of faster plate to the east relative to
a plate to the west, a subduction and related orogeny will occur in
between.

All these asymmetries are compatible with the westward drift of the lith-
osphere with a speed >1°Ma and can be envisaged moving along the flow
lines of plate motions described by the TE. Therefore, we need a dynamic
model to explain this polarized system. Solid Erath’s tides (or body tides)
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generate significant and often disregarded oscillations in the lithosphere.
They uplift the ground of 20—40 cm, swinging back and forth horizontally
of 10—20 cm at every passage of the Moon and Sun (0.46 of the Moon tide)
gravitational waves. Therefore, the lithosphere is constantly subject to a vi-
bration, which is westerly oriented due to the misalignment of the tide-
induced Earth’s bulge. We infer that, after the passage of the body tide, a
residual permanent shear remains like a floating bottle subject to the
wind at sea. The lithosphere appears to behave like a worm, i.e., it is
uplifted and sheared horizontally under the eftects of the solid Earth’s
tide (Figure 88). For example, a hysteresis of about 0.15 mm every
Moon passage (12 h and 25") explains a lithospheric drift >1°/Ma relative
to the mantle.

Lateral variations in the viscosity of the LVZ can control the different
velocity of plates. The Earth’s rotation contribution to the lithosphere
motion can account for: (1) the homogeneous internal velocity of each
plate, (2) the decoupling occurring at the lithosphere base, and (3) the west-
erly polarized migration of the lithosphere and of the plate boundaries,
consistent with the geological asymmetries of subduction and rift zones as
a function of the geographic polarity. In this view, plate dynamics could
be the result of the combination of mantle convection with the shear
induced by the tidal drag.

The energy necessary to move the Earth’s Precambrian shields, i.e., to
move the thickest lithosphere relative to the underlying poorly developed
low-velocity channel (as in the Baltic area), has been estimated at about
4 x 10" J/year (Knopoff, 1972). Similar value is found by considering
the energy for the formation of tectonic dislocations that can be estimated
as the consumption of energy rate, E, necessary for lateral displacement of
the lithosphere plates relative to the viscous mantle. For a mantle viscosity
of 10*! Pa's one gets E = 6.5 x 10" J/year (Riguzzi et al., 2010). Recent
papers suggest viscosity values of 10" Pa s (Aoudia, Ismcul Zadeh, &
Romanelli, 2007; Melini, Cannelli, Piersanti, & Spada, 2008), consequently,
the power needed to move the lithosphere could be significantly less,
possibly E = 6.5 x 10" J/year. The tidal friction in the Earth—Moon sys-
tem can be estimated as E = 1 x 10%° J/year (Riguzzi et al., 2010), a value
not too far from the energy dissipated by the tectonic moment rate
(1 x 10%' J/year). However, the real amount of energy dissipated by the
solid Earth’s tide (or body tide) is far to be entirely measured (Ray, 2001),
especially if most of it is dissipated into ductile shear in the LVZ. The energy
budget of the Earth is summarized in Table 6.
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Table 6 The energy budget of the Earth

Energy income Energy expenditure

(Jtyear) x 10* (J/year) x 10*

Accretion Ep 1.9-55 Heat flow Epr 1.4—15

Core formation EC 3.2—3.6

Radioactive decay Er 0.2—2.1 Tectonic moment 5.7—7.6
rate ETm

Tidal friction Et 0.04—0.1

Total energy income 5—11 Total energy 7—9
expenditure

After Riguzzi et al. (2010).

> 8. CONCLUSIONS

Further studies on the composition, water content and viscosity of the

asthenosphere and LVZ might significantly contribute to answer the
following basic questions: (1) are plates dragged horizontally by mantle con-
vection (e.g., Bercovici, 1998)? (2) Are they dragged and sheared at the base
by a faster moving mantle (Bokelmann, 2002)? (3) Are they rather pulled by
slab pull forces (Anderson, 2001; Forsyth & Uyeda, 1975)? (4) Could they be
driven by Earth’s rotation and tidal drag (Riguzzi et al., 2010; Scoppola
et al., 2006)? (5) If ridges and subduction zones trigger convection, but
are nevertheless still passive features, what does move plates?

Both “active plates and passive asthenosphere” and “an active astheno-
spheric flow dragging passive plates” may be consistent with the observed
relatively westerly polarized horizontal plate motions. The mantle convec-
tion alone cannot explain the lithosphere kinematics. Therefore, the
uncoupled forces appear to dominate, but we cannot exclude that more
than one force, both coupled and uncoupled, is responsible of plate motions.
Earth’s rotation cannot work alone because mantle convection is required to
maintain the mantle fertile and the low viscosity in the asthenosphere.
Moreover density contrasts (e.g., slab pull) allow for differential sinking of
plates at convergent margins. A very-low-velocity layer (LVZ), with a
sizable fraction of melting that allows for very-low viscosity in the upper-
most asthenosphere (100—150 km), has been recently revealed in the
Mediterranean (Panza, Peccerillo, et al., 2007; Panza, Raykova, et al,,
2007; Tumanian et al., 2012). Consistently with the present-day Vs resolu-
tion, Panza et al. (2010) have identified along the TE-pert a ubiquitous LVZ
circuit, at least 1000 km wide and about 100 km thick, in the asthenosphere,
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that allows for the persistence of a continuous global low within the Earth
without any relevant obstacle. Relatively small forces can easily move a
floating plate horizontally, because no work has to be done against gravity,
whereas nonisostatic vertical motions require work to be done against
gravity. Such condition can occur when at the base of the lithosphere there
is a very-low viscosity in the decoupling layer, i.e., the weak low-velocity
zone in the upper asthenosphere, like the TE-pert defined by Panza et al.
(2010).

The rates of subduction do not determine plate velocities, but are rather a
consequence of them. Therefore, plates are passive features of the convective
system. The Earth’s models are generally performed assuming internal
dynamics controlled by lateral density variations due to thermal gradients,
which should generate both vertical and horizontal movements in the
mantle and in the overlying lithospheric plates. The analysis of the geometry
at plate boundaries and the kinematic constraints point to a “westerly” polar-
ized flow of plates, which implies a relative opposed motion of the underly-
ing Earth’s mantle. This flow determines an asymmetric pattern along
subduction zones and two end members of orogens associated to the down-
going slabs, such as the differences between the low topography, in the
hanging wall of the western Pacific subduction zones, versus the high topog-
raphy and deep rocks exhumation, along the eastern Pacific subduction
zones. Rift zones are also asymmetric: on average the western flank is few
hundreds meters deeper than the eastern one and the lithosphere in the west-
ern flank is thicker and faster with respect to that of the eastern flank. All
plate boundaries move “west.” The decoupling of the lithosphere in the
LVZ at about 100—200 km depth allows for the “westerly” directed rotation
of the lithosphere with respect to the underlying mantle (Figure 82). As a
consequence of this asymmetric movement, larger volumes of lithosphere
return to the mantle along the W-directed subduction zones than in the
converse E- (or NE-) directed subduction zones and constrain the kinematic
reconstruction of the convection pattern in the upper mantle (Figure 83).

In general, thermal gradients weaker than the adiabatic one lead to inhi-
bition of convection (Anderson, 2013). Therefore, the motion of the litho-
sphere is very likely the combination of an astronomically driven “westerly”
directed horizontal shear that acts on plates, combined with the heat dissipa-
tion of the planet that maintains the temperature high enough in the LVZ to
keep the viscosity as low as required for the lithospheric decoupling
(Figure 87). The variations in viscosity within the LVZ control variations
in velocity among plates, and eventually seismicity at plate boundaries.
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Therefore, the global scale asymmetry of tectonic features and the westward
drift of the lithosphere support the need of a rotational component for the
origin of plate tectonics (Scoppola et al., 2006). The westward drift could be
the combined effect of three processes: (1) tidal torques acting on the lith-
osphere and generating a westerly directed torque that decelerates Earth’s
spin; (2) downwelling of relatively denser material toward the bottom of
the mantle and in the core, slightly decreasing the moment of inertia and
speeding up Earth’s rotation and only partly counterbalancing tidal drag;
and (3) thin (3—30 km) layers of very-low-viscosity hydrate channels in
the asthenosphere. These layers are beyond the reach of tomography due
to the limitations of the theoretical framework employed (Anderson,
2007a,b; Boschi et al., 2007; Boyadzhiev et al., 2008; Panza, Peccerillo,
et al., 2007; Romanowicz, 2003; Waldhauser et al., 2002), nevertheless a
contrast up to 10—15 orders of magnitude between the viscosity of the lith-
osphere and that of the asthenosphere can be expected from experiments
reported in literature (Jin et al., 1994; O’Driscoll et al., 2009; Pollitz et al.
1998). Such a contrast is well consistent with the decoupling, within the
asthenosphere, between the lithosphere and the underlying mantle
(Doglioni et al., 2011). Shear heating and the mechanical fatigue may
self-perpetuate one or more channels of this kind, within the TE and the
TE-pert (Panza et al. 2010), which provide the necessary decoupling zone
of the lithosphere. Consistently with the present-day Vs resolution, the
TE-pert (which is not a great circle) describes the trajectory along which
a ubiquitous LVZ at least 1000 km wide and about 100 km thick occurs
in the asthenosphere, where the most mobile mantle LVZ is located. The
existence of TE-pert is a necessary condition for the existence of a contin-
uous global flow within the Earth (Panza et al., 2010).

To consider the role of the solid Earth’s tide is crucial to understand geo-
dynamics and earthquakes. The horizontal component, which is westerly
polarized due to the misalignment of the Earth’s bulge, may provide the
source for shearing the lithosphere and loading the faults. The vertical
component generates oscillations of the lithostatic load, which may locally
trigger earthquakes along fault planes at critical state (Figure 85). The effect
of tides on faults is a function of the tectonic style. In fact low solid tide (rela-
tively larger gravity) favors extensional tectonics, whereas high solid tide
(relatively lower gravity) triggers compressional tectonics. Tidal force on
the early lithosphere of Mars exerted by former satellites in retrograde orbits
may have pulled the lithosphere in an east—west direction over hot mantle
(Kobayashi & Sprenke, 2010).
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The Earth’s rotation contributes to plate tectonics, and if a very-low-
viscosity layer is present in the upper asthenosphere, this layer enables the
horizontal component of the tidal oscillation to generate a torque able to
slowly shift the lithosphere relative to the mantle. This is true even in the
case the dimensions of the very-low-viscosity layer are so small to be beyond
the reach of tomography. For example, in a car engine, shear friction be-
tween piston and sleeve is minimized by an extremely thin film of lubri-
cating fluid that is practically incompressible in the direction normal to
the piston motion. If the extremely thin film is absent the engine cannot
work.

Therefore, we may state (1) that plates move along a westerly polarized
flow that forms an angle relative to the equator close to the revolution plane
of the Moon, (2) that plate boundaries are asymmetric, being their
geographic polarity the first-order tuning factor in controlling all the geolog-
ical and geophysical parameters described in the Chapters 3, 4 and 5, (3) that
the global seismicity depends on latitude and correlates with the decadal os-
cillations of the length of day, (4) that the Earth’s deceleration supplies energy
to plate tectonics comparable to the computed budget dissipated by the
deformation processes, and (5) that the Gutenberg—Richter law indicates
that the whole lithosphere is a self-organized system in critical state, that is
subject to a torque acting contemporaneously on all the plates and distrib-
uting the energy over the whole lithospheric shell. Only by a force that
acts at the astronomical scale can naturally satisfy such a condition. Thus plate
tectonics is fueled both by the tidal drag and by the concomitant global
Earth’s cooling. Therefore, mantle convection, widely assumed as the only
cause of plate tectonics, even if it can be inhibited by thermal gradients
weaker than the adiabatic one (Anderson, 2007b; 2013; Birch, 1952; Bullen,
1947), plays an ancillary role and it is possibly top driven and westerly polar-
ized by the steady-state torque provided by the tidal bulge misalignment.
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