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SAND - Structure and Non-Linear Dynamics of 
the Earth 

The first line of reserach of the ICTP SAND 
activity, started in 1991, is on non-linear 
dynamics with application to earthquake 

prediction and to the estimation of seismic risk 
including: non-linear dynamics of lithosphere 

blocks and development and testing of algorithms 
for earthquake prediction. The second line is 

structure of the earth with application to seismic 
risk mitigation including: physical instability of 

megacities (PIOM), deterministic seismic hazard 
assessment, 3D mapping. 



Plates move 









However, there are still fundamental 
questions to be answered: are plates 
dragged horizontally by mantle 
convection? Are they dragged and 
sheared at the base by a faster moving 
mantle? Are they rather pulled by slab 
pull forces? Could they be driven by 
Earth’s rotation and tidal drag? If ridges 
and subduction zones trigger 
convection, but are nevertheless still 
passive features, what moves plates? 



 Main forces acting on the lithosphere. Mantle drag and trench 
suction need high coupling (higher viscosity) between lithosphere 
and asthenosphere to be more effective. Ridge push, slab pull and 
tidal drag should rather need low coupling (lower viscosity) to be 
efficient. Since the lithosphere is decoupled with respect to the 
asthenosphere, possibly more than one force is actively forcing 
plate motions. Circles indicate coupled forces, white half arrows 
show the uncoupled forces (after Doglioni et al., 2007). 



The subduction of continental lithosphere is a 
paradox accordingly with the most popular 
interpretations of global tectonics, which 
state that subduction and plate’s tectonics 
are, as a rule, controlled by the weight of the 
slab. It is well known that continental 
lithosphere (not only the crust, but also the 
lithospheric mantle) is lighter than the 
underlying mantle, nevertheless the 
subduction of continental lithosphere, 
proposed by Ampferer in 1906 and proven by 
Panza & Muller in 1978, is now widely 
accepted.  



Cross-
sections 
along the 
Alps, 

Panza et al., 
Le Scienze, 
1980



Cross-sections 
along the 
Apennines

Panza et al., Le 
Scienze, 1980





Mountain ranges sitting on continental 
lithosphere subduction form both: 

(a)   when the subduction hinge 
approaches the overriding plate (Alps, 
Dinarides, Zagros, Himalaya) - type-A 
subduction or upduction 

and 

(b) when the subduction hinge departs 
from it (Apennines, Carpathians, Banda) 
- type-B subduction. 



These two modes of continental lithosphere subduction 
have significantly different characters:  

(1) in type-A subduction the mountain ranges are quite 
high (on average>1500m), show a complete 
metamorphic cycle and extended basement 
outcrops, double vergence, two foredeeps subsiding 
at a rate<0.3mm/y, detachment planes involving the 
entire crust and the lid and relatively low effusive 
magmatism;  

(2) in type-B subduction the elevation is low, the 
vergence is single, the well pronounced foredeep 
subsides at a rate>1mm/y, detachment planes 
involve mostly the uppermost (1-12 km) subducting 
crust. At global scale, type-B subductions are west 
directed, and are overridden by a back-arc basin.  



In the central Mediterranean area 
the examples are Alps (A), 
Dinarides (A), Apennines (B), 
Carpathians(B), where the 
subduction of continental 
material is a well-documented 
phenomenon by the 
geochemical properties of 
magmatism  (Peccerillo, 2005).  



Still the engine of plate tectonics in not too well 
known. In fact, convection alone seem not able to 
supply enough energy. This deficit is made even 
more severe by the the results of Laio, Chiarotti, 
Scandolo, Bernard and Tosatti who reproduced in 
the computer the same conditions at the Earth core 
by solving the fundamental equations governing 
the dinamics of Iron atoms and estimated a 
temperature for the Earth core of about 5400 °C, 
i.e. at least 1000°C less than what previously 
estimated. Some relevant amount of energy may 
be supplied by the deceleration of the Earth 
rotation due to the Moon (Sun) tidal effect.  



Doglioni, 2006 



Mountain ranges 



MORPHOLOGIC RELIEF 
STRUCTURAL RELIEF 

Upduction 
Space geodesy data 
show that all plates 
move orderly ‘westward’ 
along the tectonic 
mainstream at different 
velocities and 
the equator of the 
lithospheric net rotation 
lies inside the 
corresponding tectonic 
mainstream latitude 
band 



Pacific subductions 

Mediterranean subductions 

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

WEST 

Tomo immages look different 



Upduction 

Subduction 



Venturi effect may 
explain seismic gap 
The pressure at "1" is 
higher than at "2" because 
the fluid speed at "1" is 
lower than at "2" 

300 km 

mantle flow 

seismicity 

670 km 

Beach balls 
seen from 
the side 



Free-air gravimetric profiles grouped into  

W-class and E-class 



Apennines  
Subduction 
W-SW 

Alpine subduction 
E-NE 

TOPOGRAPHY 
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Apennines 



Escher et al., 1997 NFP20
http://www.unil.ch/igp/page23575.html
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UPDUCTION 

(E-NE verging subduction) 



The Mediterranean is characterized by four deep-earthquake zones: 
Tyrrhenian, Aegean, West Turkey, Vrancea, modified from Scalera, 2008.  





Plate motions of 
Africa and Greece 
relative to the 
mantle in the deep 
hotspot reference 
frame (above) and 
in the shallow 
hotspot reference 
frame. In both 
cases Africa is 
moving westward 
faster than the 
underlying mantle, 
escaping from the 
subduction under 
the Hellenic arc 
(Doglioni et al. 2007, 
Earth-Science Reviews, 

83 125–175). 



When plate motions are 
considered relative to the 
hotspot reference frame, i.e., 
assuming fixed the mantle, the 
slabs of E- or NE-directed 
subduction zones 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. Subduction 
occurs because the upper 
plate dark gray dot moves 
leftward faster than the white 
circle in the slab. In this 
model, the slab moves west at 
20 mm/yr relative to mantle. 
The subduction rate is the 
convergence minus the 
orogenic shortening. With 
different velocities, this seems 
to apply, in the shallow 
hotspot reference frame, also 
to the Andean subduction. 
This kinematic evidence of 
upducting slabs casts doubts 
on the slab pull as the 
dominant driving mechanism 
of plate motions. (Doglioni et al. 
2007, Earth-Science Reviews, 83 
125–175). 



Caputo, M., Panza, G.F. and Postpischl, D., (1970). Deep structure 
of the Mediterranean basin. J. Geophys. Res., 75, 4919-4923 
(modified).



Location map of the Eastern Mediterranean 
and Aegean area. Thick solid lines indicate 
the location of Upper Mantle cross sections. 
Dots indicate the epicenters of earthquakes 
with M>4 and focal depths less than 100 km 
that occurred from 1964-1984. Ae=Aegean 
basin, Cr=Crete, EM=Eastern 
Mediterranean, Gr=Greece, Io=Ionian basin, 
Pe=Peleponnesus, Rh=Rhodes, Tu=Turkey, 
for remaining items see key.  

Tomographic images of the Aegean/Eastern Mediterranean Upper Mantle for the sections shown 
on the left (The upper panels in a-d display a small location map for orientation). The contouring is in 
percentages of the ambient Jeffreys-Bullen Upper Mantle velocity (see legend). Cross (horizontal) 
hatching indicates positive (negative) anomalies. Regions with poor spatial resolution are not 
contoured (large white areas). The interval -0.1%/+0.1% is also indicated in white. Horizontal and 
depth axes given without vertical exageration. Black symbols are the projection of hypocenters 
with M>4 are located within 100 km from the plane. The width of the location map is 3 degrees 
(Spakman, et al., 1988. THE HELLENIC SUBDUCTION ZONE: A TOMOGRAPHIC IMAGE AND ITS GEODYNAMIC IMPLICATIONS, G.R.L., 15, 60-63). 
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Rifts 
are not symmetric at depth 
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Panza, Doglioni & Levshin, 2009, in progress 
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Panza, Doglioni & Levshin, 2009, in progress 



The fires heated water that had seeped in from the ocean and gave rise to hot springs. Where 
tongues of fire came close to Earth's surface (lower right), they started volcanoes.   

Athanasius 
Kircher, 
depicted the 
most 
advanced 
thinking of 
his day. 
Earth's 
interior was 
supposed to 
contain a 
giant, fiery 
inferno. 

From Mundus 
Subterraneus, 
by Athanasius 
Kircher, 1678. 


