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Global Tectonic Asymmetry
&
Applications to the Mediterranean

Imagination rules the world
Napoleon



1) Orogens and Rifts show an “E-W” global asymmetry
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2) The lithosphere moves along a westerly polarized flow
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3) Plate tectonics 1s tuned by Earth’s rotation




Alpine subduction TOPOGRAPHY
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BOUGER ANOMALY & HEAT FLOW
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TRANSALP - Eastern Alps
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VERGENCES & MOHO 2 vergences
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ALPS
Blue schists ophiolites
Age 160 Ma - HP 50 Ma

APENNINES
“unmetamorphosed’ ophiolites
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Central Adriatic Sea: Structural Map
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Alps - Dinarides
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MORPHOLOGIC RELIEF
STRUCTURAL RELIEF
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L CONVERGENCE/SHORTENING (C/S) ratio U
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PLATE MOTIONS RELATIVE TO THE MANTLE

L = Lower plate Convergence 9 cm/yr
H = Subduction hinge Shortening in the prism 11 cm/yr
U = Upper plate Subduction 11 cm/yr
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Hinge diverging east relative to upper plate




PLATE MOTIONS RELATIVE TO THE MANTLE

L = Foreland plate Convergence 7 cm/yr
H = Subduction hinge Shortening in the orogen 5 cm/yr
10 cm/yr 12 cmlyr 17 cmlyr
L H U

west i w
\

Plate motions not controlled by subduction rate
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Hinge retreating west relative to mantle
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1= East Pacific Rise 4= West Pacific Subduction
2= Atlantic Rift 5= Andean Subduction
3= Red Sea Indian Ocean Rift 6= Zagros-Himalayas Subduction
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Plate motions based on the

Hotspot Reference Frame
(O’Connell, Gable & Hager, 1991)







“Westward” drift of the lithosphere




“Westward” drift of the lithosphere

(or “eastward” mantle flow)

crystals alignement



Heat Flow
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- Different depths of the magmatic sources
- Most of them in the asthenosphere or in the lithospheric mantle
- Most of them along moving and mantle-detached plate margins

MAIN TYPES OF VOLCANIC TRAILS

West East
|AB OIB MORB
— handoncd > (<
/\ volcanoé \ o = . A A
¢ = Piisas — @ =
shallow|[source wet spots
MANTLE FLOW
s —>

Without “hotspots” located along plate margins & shallow plumes

Westward drift = >100 mm - yr -

deep|source (?)
CMB
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Tectonic “equator”

The sub-lithospheric mantle should move “E-ward”
Cuffaro, 2006



15 cm/yr 2 cm/yr / cm/yr
divergence = CONVErgence s
WEST - apfiimpe - i b

Pacific

subduction



Plate motions are not random during the last

100 Ma, but along a sinusoidal flow:
TECTONIC MAINSTREAM



analytical definition of the tectonic

mainstream

“The line approximating all the
Eulerian equators of the crossed plates”

A 3" order Fourier series in geographic coordinates (¢,A), may
describe the tectonic mainstream

after
the estimation of the Eulerian equators of crossed plates

O = 0?0 + i[ﬂi cos(ir)+b Sin(ik)]




Modeling the “absolute” plate motions
assumptions

®
: L P
e Spherical approximation

e “Absolute” plate motions modeled as
3D rotations (deformations neglected)

e Eulerian equator “image” o e PlaTeproTchon axis

tectonic mainstream within each

crossed plate Eulerian equator

within plate p

Plane of the Eulerian equator within the plate p

Wxp COSPCOSA + Wy, COSPsenh + wz sene =0

p
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Tectonic mainstream representations
latitude confidence intervals (1 sigma)

deep mantle mid asthenosphere

+ 7.3° + 6 80

1 T I 1 1 I I 1 1 1 I T 1 1 T T I 1 1 I I 1
30°'W 0" 80°E 60°E 90°E 120°E 150°E 180" 150°W 120°'W 90°'W 60°'W 30°'W 30°'W 0° 30°E 60°E 90°E 120°E 150°E 180" 150°'W 120°W 90°'W 60°W 30°'W



Global lithospheric net rotation
tangential velocities and equators

deep mantle

max velocity 4.1 cm/yr
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mid asthenosphere

max velocity 13.4 cm/yr
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Global lithospheric flow

mid astenosphere net rotation equator lies within the tectonic

mainstream latitude band

60°N

I I
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Shallower and less steep flank

0 m Recife MAR i Angola g 0
3 Lu 3
6- 6

35°W-8°15'S  Verticaleaggerationx 100 5275 km 13°E-8°15'S

Zhang & Tanimoto, Nature (1992)
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Red Sea rift
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Let’s assume the

mantle fixed
Vp=200 mm/yr

1§

SubsW>SubsE

FASTER DECOLLEMENT
IN THE WESTERN LIMB

\\ SubsW

\\\l'

Pacific
w

|

EPR spreading rate 128 mml/yr

Vr=(Vp+Vn)/2=136 mm/yr Vn=72 mm/yr

20-60 kg/m’ lighter

1-2 orders > viscous

Melting area moving west at Vr

higher viscosity=more coupled contact
(eastern plate steadily slower)

SubsE
\l/ \
Nazca




a[T=57s;V

=4.07 km/s] b[T=100s;V =4.18 km/s]

average average

Silveira et al., 1998, PEPI
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@© http://www_africaguide.com Namibia ( Anna Disegna Tollardo )

- Different isostatic answer due to lateral variation in composition and temperature of the lithosphere

- Coherent system: no independent mantle plume confined underneath the continent

A
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plates relati\;e motion
2cm/yr
West < - >y

rifting model

lower density anomaly

—>

velocities relative to the asthenosphere
5cm/yr 4 cm/yr 3 cm/yr
D R

Ridge speed = (V4+V3p)/2 t ?

ASTHENOSPHERE »

t 3 .. continental uplift
lower thermal subsidence
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decay & migration of the lower density anomaly 9
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Geological Map of Western Europe

(Modified after Kirkaldy, 1967)
Quaternary
Drift

...and Europe?
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NET W-WARD LITHOSPHERIC ROTATION
Asthenospheric depletion
West

et e I ey et

‘.—-—.

n<=faster Lit/Ast decoupling

frozen depleted asthenosphere=oceanic lithospheric mantle

Asthenospheric depletion
M MAR

1022
025

SOUTH AMERICA

== lithosphere

P

depleted

Slab annihilation & asthenospheric fertilization
n>=slower Lit/Ast decoupling

viscosity n=1 020




Pacific subductions

Isacks & Barazangi, 1977

tectonic "equator”

Mediterranean subductions

There is an asymmetry REGARDLESS THE AGE AND COMPOSITION of the lithosphere

Selvaggi & Chiarabba, 1995 Papazachos & Comninakis, 1977
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WHERE IS THE SLAB PULL?

Is the slab a priori heavier, or it becomes
denser due to phase transitions induced
by the drag of the mantle?
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X - o M Nazca
=
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cfj 201 o e ¢ [0 cm/yr  gpR 1 cmhyr

0 20 40 60 80 100

velocity (mm/yr)

The observations that plates with large slabs are faster
(e.g. Forsyth & Uyeda, 1975) 1s a circular reasoning;:

1) they could have longer subduction zones because they are faster,
not necessarily vice-versa;

2) but are they faster relative to what?

3) Nazca has fast convergence rates in a not net rotation frame,
which 1s an artifact, but i1t 1s much slower relative to the mantle



g'W°V‘39V€’°°i1*(>)’ (km/%) Temperature and Flow Velocity

300 |
\ upper mantle | Qlivine T
400 o
a
®
km _ -
500 | wac{sleyn‘re %
transition L -
zone ringwoodite 3
600 ] 3
=+
Assumptions: i S
Comments 700 lower mantle perovskite

The Mantle is compositionally homogeneous:

Very unlikely, all Earth is intensely stratified by density from the
topmost atmosphere down to the core;

If the mantle was homogeneous and movements are only driven by
thermal contrast, why the LID does not detach in the middle of a
plate?

Uprising mantle is laterally accompanied by down-welling:
Atlantic, E-Africa and Indian rifts have not intervening
subductions; there are also several cases of paired subduction
zones without rifts in between

Uprising and down-welling mantle currents are stationary:
Plate margins rather move

Poligonal shapes of cells:
Plate margins can be very linear e.g., the Atlantic ridge Tackley et al., 2003
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- Age increases but dip remains constant (1)
- Dip decreases but age remains constant (2)
- Dip decreases and age increases (3)
- Dip increases and age decreases (4)

— W o7 7 = No correlation
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Mariana slab

mantle flow

10000 km arc

—y

basal drag

lithosphere

slab pull
3.3x1013 Nm-1

<— 8x1012 Nm-1 —)

extensional strength




Deep Hotspot Reference Frame
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Shallow Hotspot Reference Frame
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A RPGE B TRENCH C

Plate A=16 cm/yr
Plate B=4 cm/yr

Plate C=12 cm/yr
convergence=8 cm/yr
subduction=5 cm/yr
shortening=3 cm/yr

16 4 9 12

16

slab remonting west at 4 cm/yr relative to mantle
upper plate overriding the lower plate at 5 cm/yr
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kinematics of the extensional and compressional belts

of W-directed subduction zones

W extensional elevated belt compressive
~ Dbelt

foreland lithosphere

50 km

material transferred from the
compressive to the extensional field

extensional elevated belt

Oﬁ
\

® X = displacement transferred
to the/accretionary prism




X transfer of mass

z=decollement depth
A=accretionary prism area
B=backarc rift area
X=backarc spreading
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FASTER CONVERGENCE =>
LARGER MAGMATISM

A working hypothesis
for the SAAVA magmatism:
Shear heating ?

AFRICA GREECE ANATOLIA

asthenosphere flow  —p»

SW-velocity relative to the mantle = B>C>A
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Oceanic spreading Subduction zone Transform fault

Hor 1-150 mm/yr Hor 1-100 mm/yr Hor 1-150 mm/yr
- — — —
Thermal subsidence Orogen uplift
Vert 0.05-0.1 mm/yr Foredeep subsidence Vert 0.5-1.5 mm/yr

Thermal subsidence & Tectonic uplift
Vert 0.05-0.1 mm/yr - 0.2-0.4 mm/yr

\
B Y

* * Vert 0.1-1.0 mm/yr f

- HORIZONTAL MOTIONS 10-100 TIMES FASTER THAN VERTICAL

- TANGENTIAL FORCES DOMINATE PLATE TECTONICS
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Plate tectonics 1.3 x 10 J/yr
Tidal friction 1.6 x 10" J/yr
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verso ovest /
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Is the asthenosphere viscosity sufficiently low?
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EUROPE is a Jupiter’s satellite

Rotation period 3d 13h 14.6m
Revolution period 3d 13h 14.6m
(RESONANCE)

diameter3,138 km
Mean density3.01 g/cm3
Surface gravityl1.42 m/s2




1) The lithosphere moves along a westerly polarized flow
2) There 1s a global tectonic asymmetry
3) Plate boundaries are passive features

4) Dominant ductile deformation contained in GPS data

5) Plate tectonics 1s tuned by Earth’s rotation



M. BABINET PREVENU PAR SA PORTIERE
DE LA VISITE DE LA COMETE
Lithograph. Honoré Daumier, French, 1808-1879
'MUStUM OF FINE ARTS, BOSTON



The maximum excess temperature due to frictional heating with respect to the
temperature linear profile in a Couette flow is:

max_ Pr E
0,"= SEn

and occurs in the middle of the flow

where E is the Eckert number and Pr is the Prandtl number
(Turcotte and Schubert, 2002)

up = velocity Lithosphere

Couette flow Asthenosphere

u=0 Mantle
Doglioni, Green and Mongelli, 2005



Oc=vr7
Qc = shear heat
v = velocity

T = shear stress

Couette flow

. shear heat = 30°-120°C

asthenosphere

N =1017Pas-locally10 1920 pas
300 km

200 mm yr!
y mantle

n=1021-2pas

- Local increase of the asthenospheric viscosity can generate extra T

(i.e. higher viscosity = larger amount of melting?)




51017 Pa s
_shear heat = 30°-120°C

asthenosphere

200 mm vyr]
A mantle

viscosity =10 21-22 Pa s

- Local increase of the asthenospheric viscosity can generate extra T

(i.e. higher viscosity = larger amount of melting?)
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Transalp Working Group
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Merlini et al., 2002
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Four subduction zones contributed to deform the area:

1 - ALPS (retrobelt)
2 - DINARIDES (forebelt)
3 - CARPATHIANS (western backarc)
4 - APENNINES (foreland flexure)

| — 4 < Lo
3 backarc extension frontal accretion forebelt .\ —\ ,  retrobelt

— /— N e a— —

- Independent geodynamic processes may coexist in one area

- Contractional belts (e.g., Alps) may form without syn-orogenic collapse
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Turcotte & Schubert, 1982 Ri
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MANTLE CONVECTION SIMULATION
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WESTWARD DRIFT OF THE LITHOSPHERE

- Asymmetry of subduction zones
- Asymmetry of rift zones ,
Evidences of mantle flow also from

- shear-wave splitting
- sheared asthenospheric xenoliths

“W?”-ward migrating ridge

ENE

W-ward migrating volcanic track

SHALLOW SOURCE OF NOT SO HOT HOTSPOT




Tidal Friction

Earth’s rotation

e
e s

Gravitational attraction of
Earth's fidal bulge “pulls”
North Pole 7 - Moon ahead in its orbit. ~

.

N

' Moon's gravitational

attraction pulls Earth’s
tidal bulge "backward,”

slowing Earth’s rotation.




