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SAND - Structure and Non-Linear Dynamics of
the Earth

The first line of reserach of the ICTP SAND
activity 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.
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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?

I’i‘dLQG p_uEh tidal drag

-
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lithosphere
asthenosphere 00

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.

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 -
and

(b)when the subduction hinge departs
from it (Apennines, Carpathian, 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 Apennines (B), Alps
(A),

Dinarides (A), Carpathian(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 Erio 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 lease 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.

"westward drift of the lithosphere” = (m2-w1)

AT LITHOSPHERE
-0,
\n

Braking exerted by tidal DT
drag slowing down =
Earth's rotation

. EARTH'S ROTATION,

w

LOWER MANTLE

Deepening of denser

material increasing

Earth's rotation speed
Doglioni, 2006

lithosphere /




WHAT CAN WE MEASURE?

uplift rate subsidence rate

T elevation l
convergence rate
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UPPER PLATE

subduction hinge migration

upper & lower plate thickness
thermal state
gravity anomaly
slab seismicity (depth, dip, stress orientation)

subduction rate backarc spreading ?

Mountain ranges
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Pacific subductions

Mediterranean subductions

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

Selvaggi & Chiarabba, 1995

Papazachos & Comninakis, 1977
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Venturi effect

The pressure at "1" is
higher than at "2" because
the fluid speed at "1" is
lower than at "2"
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“1:50s
M V;
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3 Lithosphere
i =
410-420 x 75-7 Y
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-
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N Fig. 3. Schematic crust-mantle
= 300 V-475Ikm/s) cross  section  through the
© Central Alps along the Swiss
D_ Geotraverse (compare with
05 Fig. 2. Crust-mantle cross Fig. 2, after Panza and
section derived from the Mueller, 1979). The one-way
—_ simultaneous inversion of travel times of P-waves
()] available surface waves propagating vertically upwards
= dispersion data (after Panza from the bottom of the upper
() and Mueller, 1979). Hatched asthenosphere to the surface
-] areas indicate the range of corroborate the hypothesis that
E uncertainty of the bottom of the time delay caused by the

the crust (M), of the low-velocity crustal root must
lithosphere and of the upper be compensated by the under-
asthenosphere. In the collision lying high-velocity "litho-

process the lower lithosphere

has penetrated into the
asthenosphere thus forming a
nearly vertical zone of

"subfluence" ("Verschluckung”).

spheric root" which is sinking
into the asthenosphere (after
Baer, 1980). In the model a
ratio V /Va of 1.82 has been
assumed.
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Delineation of the North Central
Italian upper mantle anomaly

G. F. Panza®, St. Muellert, G. Calcagnilet
& L. Knopofi§

* Istituto di Geodesia e Geofisica, Universith di Trieste, Trieste, Italy
t ETH-Geophysics, Zurich, Switzerland

t Istituto di Geodesia ¢ Geofisica, Universita di Bari, Bari, [taly

§ Institute of Geophysics and Planetary Physics, University of
California, Los Angeles 90024, USA

The Italian peninsula is the focus of Intense deformational
tectonic activity, It is underlain by mantle material whose
inferred, relatively anomalous properties' are not inconsistent
with the seismic, volcanic and thermal activity that is manifested
in this region. The most effective geophysical tool for mapping
the structure of the uppermost 200-300 km of the Earth is the
observation and analysis of selsmic surface-wave dbpenlon on
a regional scale. Here we synthesize the interp of
Rayleigh wave dispersion measurements made by several
authors, each for different parts of North Central Italy*™, to
delineate the lateral extent of the upper mantle anomaly in this
region.
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Fig.2 Phase velocities used to delineate the North Central [talian

anomaly and comparison with dispersion relations for western and

Suulh-(‘cnlnl USA. The rms. errors for each curve are

~£0.03kms”" in the penod range 40-60 s and are larger at the

extremes of the period range”**, Curvesin group a are for regions

without tectonic involvement and in group b for regions with
tectonic involvement
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Fig. 3 Schematic shear wave velocity=depth distributions in the
upper mantle for regions without @ and with b major tectonic

involvement today

The shading represents schematically the

range of models satisfying each group of dispersion data.
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Panzaetal., Le
Scienze, 1980
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ico. Nella sezione b, in corrispond della zona di massima deformazione, vi & una
pomone di mantello soffice che sovrasta una radice litosferica canllermla da alti valori di
rigidith, che interrompe il canale a bnssn velocitd. Anche I'App 3 rizzato (se-
zione ¢) da una p di soffice so una radice litosferica con rigidita
elevata. Notevole ¢ la differenza di spessore tra il lid dell’ Adriatico e quello del llrreno l'ulle
€ tre le sezioni presentano forti variazioni laterali nelle proprieta el del si
-astenosfera (la cui entith & stimata in basc agli intervalli di variabilitd delle velocita delle
onde di taglio riportate nelle sezioni) che interessano anche la base del canale-astenosfera,
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V; versus depth and hypocentres of the sub-crustal earthquakes
(vertical bars indicate depth error) in the period 1965-1998 within a
stripe 150 km wide along the study profile (red line in the inset). The
bold black segment indicates the Moho depth.
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Density model. The topmost line represents the
surface topography. Observed Bouguer gravity
anomaly (blue) vs. gravity (red) predicted from our
density model.

De Luca et al., 2009,
Tectonophysics
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UPDUCTION

(E-NE verging subduction)

Lamamts

depth (km)

depth (km}

20 25 500/ 5 20 25
longitude (°E) b) L L longitude CE)

Fig. 1 — The Mediterranean is characterised by four deep earthquake spots: South Tyrrhenian, Aegean, West Turkey ancca The
geographical position of the four deep foci ch and th are not compatible with

linked to a very long front of subduction between Afnca and Eurasia. The black circles on the surface represent the volca.noes that
have erupted in historical time. a) Tyrrhenian foci from CSI-INGV catalogue and Aegeum and Vrancea from Engdahl Global
Catal of rel d Hyp . b) All hyp from the Engdahl Global Catalogue of Rel d Hyp

Scalera, 2008
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DOWN-DIP COMPRESSION DOWN-DIP EXTENSION
Apennines slab Hellenides slab
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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).




AFRICA GREECE |J

ﬁ

20 mm/yr 40 mm/yr 60 mm/yr

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 mml/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).
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(1970). Deep

structure of the Mediterranean basin. J. Geophys. Res., 75,

4919-4923 (modified).
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U Mantle cross sections

. -alkaline volcanism
———— Hellennc trench system
© focal depths: 100-180 km

20 25 30
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, lo=lonian basin,
Pe=Peleponnesus, Rh=Rhodes, Tu=Turkey,
for remaining items see key.
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%» =
Tomographic images of the Aegean/Eastern Medlterranean 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, etal., 1988. THE HELLENIC SUBDUCTION ZONE: A TOMOGRAPHIC IMAGE AND ITS GEODYNAMIC IMPLICATIONS,G.R.L., 15, 80-63).
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Rival Models of Active Margins

Volcanic line
Volcanic and orogenic arc
line

Trench \ /{ Hngh/heax flow Trench High heat flow
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[ S — .
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§ 400 1600 8 §, 400 e
£ -4 = -4
a Mountain bul
7 5 & hm":mhm-? 5
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forca contribution
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1700
) \\\\ 800
-200 0 200 400 600 -200 [} 200 400 600

Horizontal lengths (km) Horizontal lengths (km)
{from Schubert et alii,, 1975)

Two rival models of the active margins. Left: the subduction model is represented with the effect of
the downward adiabatic transport of the isotherms. Since, at lower temperatures, the phase
transformations occur at lower depths (Clapeyron slope effect), a protuberance of denser material
above the 410 km discontinuity contributes to the so called “slab pull” force (retraced from Ranalli,
1995). Right: the positive anomalies of seismic velocity revealed by tomographic methods are
interpreted as intrusions of isostatically upward transported material. In this case the isotherms are
also transported toward the surface thus locally influencing the depth to which the phase transition
occurs. This last effect is opposite to the one in the subductive model and a protuberance of lower
density material is created in the denser transition zone. (Scalera, 2007)

Rival Models of Active Margins

Voicanic YIWNDIP COMPRESSIO 3 %}
= DOWN-DIP COMPRESSION DOWNLEP EXTENSION

Apennines slab firselriis Tanch | Mo heatfiow

|

&

Temperature(* C)

Depth (km)

Horizontal lengths (km

Hortzontal lengths (km!
wer

Two rival models of the active margins. Left: the subduction model is represented with
the effect of the downward adiabatic transport of the isotherms. Since, at lower
temperatures, the phase transformations occur at lower depths (Clapeyron slope
effect), a protuberance of denser material above the 410 km discontinuity contributes to
the so called “slab pull” force (retraced from Ranalli, 1995). Right: the positive
anomalies of seismic velocity revealed by tomographic methods are interpreted as
intrusions of isostatically upward transported material. In this case the isotherms are
also transported toward the surface thus locally influencing thedepth to which the
phase transition occurs. This last effect is opposite to the one in thesubductive model
and a protuberance of lower density material is created in the denser transition zone.
(modified from Scalera, 2007)
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Rival Models of Active Margins

Volcanic ine
and orogenic arc

_— | Highhestflow

v
- € 00 3
§ 1 -
: e " §
& forca corertuton. 3
- o et .
0
. 1700
| E—w \ E— W
200 ) Hom‘.:’:u“en ‘;o: 00 Tonga -W Verging -200 ° 200 0 00
gths (km) Horizontal lengths (km;

ffrom Schubert et i, 1975

Two rival models of the active margins. Left: the subduction model is represented with the effect of
the downward adiabatic transport of the isotherms. Since, at lower temperatures, the phase
transformations occur at lower depths (Clapeyron slope effect), a protuberance of denser material
above the 410 km discontinuity contributes to the so called “slab pull” force (retraced from Ranalli,
1995). Right: the positive anomalies of seismic velocity revealed by tomographic methods are
interpreted as intrusions of isostatically upward transported material. In this case the isotherms are
also transported toward the surface thus locally influencing the depth to which the phase transition
occurs. This last effect is opposite to the one in the subductive model and a protuberance of lower
density material is created in the denser transition zone. (Scalera, 2007)

topographic surface topographic surface topographic surface The internal pressure and isostasy
drives the vertical rising of deep
mantle material along the wake left by

o>
¥
+

5 PP | r|
£ pop the upducting slab. If the previously
& fv ¥ undeformed stratified media i has
2 PP density and velocity functions
T S increasing toward the Earth’s center,
_— —/‘_‘— the rising column in ii produces a
4 # L contrast (represented as faced ‘— and
L . . '+’ in ii) that the seismic tomography,
p; indicates elastic parameters, density and represented in iii, can interpret
their ratio a erroneously in a different way: a cold
downgoing slab.
If, for example, in the fourth layer the
rising column in ii, because of a
topographic surface topographic surface topographic surface

difference in decompression or
Py N e depletion of fluids, reaches a state in

3_P> P Nramm which the resulting elastic
€ p>ps parameters produce a null velocity
E fr—- contrast (faced ‘0’ and ‘0’ in ii) and
S P i .
$ ok consequently thelz slab-like continuity
P> P appears broken in the tomography
s~ Pa e B8 P . .
: = represented in iii. Such a situation
i n m .
can be erroneously interpreted as a

detached slab which is dropping
Scalera, G., 2005, modified  toward the deep mantle.
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Geoid eig

Deep earthquakes (h>500km) in E or
E-NE subducting plates may be
linked to (a) phase changes, (b) fast
strain rate (Venturi effect) (c) higher
rigidity of the uplifted perovskite
phase, the last two processes being
similar to the shallow-type brittle
seismogenic processes.
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are not symmetric at depth
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Zhang & Tanimoto, Nature (1992)
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Panza, Doglioni & Levshin, 2009, in progress
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MAR Angola

Shallower and less stegp flank

0\ Recife

Vertical exag; erationx 100 5275 km

Zhang & Tanimoto, Nature (1992)
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modified

Depth (l_(m)

Depth 1k_m)

(vsh-Vsv)vs.2 [T

(Vsh-Vsv)Vs %

Panza, Doglioni & Levshin, 2009, in progress
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From Mundus 5
Subterraneus,
by Athanasius

Kircher, 1678. 4

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

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.
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Cartoon of an oceanic rift with
hypothetic velocities of plates
a and b relative to a fixed
mantle. The ridge moves west
at the velocity Vr. The
separation between plates
triggers the uplift of
undepleted mantle previously
located to the west. In the
melting area, the mantle
looses Fe, Mg, and other
minerals to form oceanic
crust, while the residual
mantle is depleted. Since the
melting area moves west it
gradually transits towards the
undepleted mantle, releasing
to the east a depleted mantle.
This explains the slight
shallower bathymetry of the
eastern limb and can generate
the asymmetry of seismic
waves velocity seen before.

Vi= (va+vh)=“ mm/yr t
Va=66 mm/yr Vb=26 mm/yr

crust

ridge

rift
melting area

lithosphere

fertile mantle

spreading rate 40 mm/yr
SubslW > Subst t

f

||_lhu\|1hcl\‘ rift
melting area

20-60 kg/m3 lighter
1-2 orders > viscous

In this model, the differential velocity among plates is
controlled by LVZ viscosity variations generating variable
decoupling between lithosphere and mantle. (Doglioni et al.,
2005; 2009)

Depth (km)

20 42 43

Depth (km)

1st qrderflow ~

%
;"y.\ ,/\. & /‘(\ J
[\ JA\ N f\« Panza’
0 50 100 150 A (%) . .
Doglioni &
“ s s a1 s Levshin,
2009, in
progress
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What drive tectonics ?
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unconventional hypothesis
-combined effect of Earth’s cooling, Earth’s rotation and tides
acting on decoupled layers
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Doglioni et al., 2007
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The lithosphere-
asthenosphere system
in the Mediterranean
region and westward
mantle flow
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lower asthenosphere
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splash of mantle: volcanoes

(Panza et al., EPSL, 2007)
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Quaternary
magmatic
provinces in
Iltaly.

Modified after
Peccerillo and
Panza (1999)

The largest Volcanic risk in
the world
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Cartoon showing the three-dimensional
geodynamic scheme of the Tyrrhenian basin
and bordering volcanic areas, including the
subduction of the lonian-Adria lithosphere in

Asthenospheric windows
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Tyrrhenian sea Mt. Vesuvius

xon ,/’”’_/\J\_ Schematic model of

the crust and

e 1 : uppermost mantle at
= Mt. Vesuvius. The
possible ranges of Vs

M .
- are given in the
i 20 figure while the
£ uncertainty (about 1-
A . 2 km) of the
“ thickness for each

layer is omitted for
clarity reasons. The
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FRT Fractured and Moho depth (M) is
% Detected [!;?[j Inferred intruded by
S magma shown as dashed
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Map of Campi
Flegrei and Vesuvio
volcanic areas

40.75

1410 I 1420 I 14!34'.1 I 14!40 . 14?50 14.60
Vs models along a v v T s v
SW-NE Cross- . ‘ ‘ ' ' ‘
section through the
Vesuvio-Campi
Flegrei paths. The
grey bands indicate
the boundaries
between layers, that
can well be transition
zones in their own
right.
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Nunziata, 2009, in press

CO, mantle
degassing
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Vs models of the lithosphere-

= in the Western Mediterranean,
built from the cellular Vs
model of the Tyrrhenian Sea
and surroundings given by
Panza et al. (2007b). In each
labeled cell, the hatched zone
stands for the thickness
variability, while, to avoid
crowding of numbers, only the
average shear velocity is
reported. The Vs ranges of
variability are given in Panza
et al. (2007a). Red triangles
indicate recent and active
volcanoes.
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flow is associated
with subsurface
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(Larderello and Monte
Amiata, in Tuscany).
Numbered lines
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pathway of sections
just illustrated.




CO, degassing

0 0
“wt % crust
COp in melt } ;
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Lithosphere - asthenosphere
degassing beneath the
Western Mediterranean.

a) Pressure-temperature
diagram showing the effects
of CO2 on the solidus of
carbonated lithologies in the
mantle: CMSA - CO2, and
peridotite - CO2 (2.5 wt %).
The effect of carbonates on
the composition of melts
generated at increasing
temperature is reported as
wt% CO2. Gray area =
estimated present-day mantle
temperatures at the inferred
pressures.

b) Present mantle processes and metasomatism beneath the Western Mediterranean. Melting
of sediments and/or continental crust of the subducted Adriatic-lonian (African) lithosphere,
generates carbonate-rich (hydrous-silicate) melts at P > 4 GPa (130 km) and T > 1260°C.

Due to their low density and viscosity, such melts can migrate upward through the mantle,
forming a 70 km thick carbonated partially molten CO2-rich mantle layer recorded by
tomographic images. Upwelling of carbonate-rich melts to depths less than 60 - 70 km, induces
massive outgassing of CO2 in the lithospheric mantle, with cessation of Vs attenuation.
Buoyancy forces, probably favored by fluid overpressures, and tectonics might allow further
CO2 upwelling to the Moho and the lower crust, and, ultimately, outgassing at the surface.

Earthquake

prediction and

non-linear
dynamics
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Earthquakes and lithospheric plates

Characteristics of the lithosphere

Scale invariance of earthquake distribution in time
and space

Self-organization of earthquake occurence

Non-linear mechanics of earthquake generation

Statistical features of earthquake sequences

Strongly suggest that the lithosphere behaves as a
non-linear and possibly deterministic chaotic system
(Keilis-Borok, 1990).
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Gutenberg-Richter scale

10

Frequency
o
o
—

0.001

0.0001

4.0 50 6.0 7.0 8.0

Magnitude
1995 earthquakes

The Gutenberg-Richter log-linear law
supports that the whole lithosphere is
a self-organized system in critical
state, i.e., a force is acting
contemporaneously over all the plates
and distributes the energy over the
whole lithospheric shell, a condition
that can be satisfied only from a force
acting at the astronomical scale (e.qg.
tidal drag).
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"westward drift of the lithosphere” = (02-m1)
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10000 ~

1000

The Gutenberg-Richter law

Averaged over a large
territory and time the
number of earthquakes
equal or above certain
magnitude, N(M) scales as:

100

log,,N(M) = a-bM
This general law of similarity

establishes the scaling of

earthquake sizes in a given
space time volume but gives
no explanation to the

0.1

question how the number,

40

50

6.0

70 8.0

N, changes when you zoom
the analysis to a smaller size
part of this volume.

90

The Gutenberg Richter law when applied to
small (about 200 km in length) regions is
linear only over a small magnitude interval
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(cumulative distribution)
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The GR law for the entire Italian
territory follows a linear trend over
the magnitude interval [3-6.7].
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A single GR is not valid for all
areas. This fact opens the way
to prediction (a SOC system is
not predictable) and at the
same time casts doubts on the
validity of the currently used
procedures for the probabilistic
assessment of seismic hazard.

Seismic hazard

eThe multiscale seismicity
model, suggested by Molchan
et al. (1997) for the purpose
of seismic hazard assessment,
indicates that:
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Seismic hazard

eonly the ensemble of events
geometrically small, compared with the
elements of the  seismotectonic
regionalization, can be described by a
Gutenberg-Richter law;

o therefore the seismic zonation must be
performed at several scales with
corresponding Gutenberg-Richter laws
and magnitude ranges.

Intermediate-term Intermediate-range
earthquake prediction

Uncertainty:
Time: a few years
Space: a few hundreds kilometres

18
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Intermediate-term earthquake prediction

e A family of intermediate-term
earthquake prediction algorithms has
been developed on the basis of the
understanding that the seismically
active lithosphere has to be regarded
as a hierarchical non-linear (chaotic)
dissipative system, as well as by the
application of pattern recognition
techniques.
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m In agreement with the Multiscale
approach, inside the monitored regions,
the linearity of the GR is preserved only
for magnitudes not larger than M,

m Prediction Algorithms (CN and M8) are
based on the formal analysis of the
anomalies in the flow of the seismic
events that follow the GR law, and predict
the strong events (M>M,) that are rare
and do not follow GR inside the delimited
region

Intermediate-term earthquake prediction

e Some changes are observed in the
earthquake’s flow before a large event: it
becomes more intensive and more
irregular in space and time, clustering of
events and long-range interaction
increase.

e These changes are akin to the general
symptoms of instability of many non-linear
systems before collapse.
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Intermediate-term earthquake prediction

e In particular, the response to a perturbation
increases, becomes more chaotic and acts at long
distances.

e In the case of seismicity the non-linear system
is the system of seismically active faults, the
large earthquake corresponds to the collapse
of the system, and the

produce the and
at the same time reflect the increase of the
response to the perturbation.

Intermediate-term earthquake prediction

e The high statistical significance of this
kind of prediction was established on
the basis of prediction of strong
earthquakes in numerous regions
world-wide, 1985 - 2001.

e Prediction is reproducible; complete
formal definition of the algorithms was
published in advance.
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Sci. Rev. 2005).

Algorithms

prediction are:

al., 2002)

Real-time monitoring of the seismic flow
| —

Italy: real time earthquake prediction
experiment started in July 2003 (peresan al., Earth

and

intermediate-term middle-range earthquake

= CN algorithm (Gabrielov et al., 1986; Rotwain and Novikova, 1999)
= M8S algorithm Keilis-Borok and Kossobokov, 1987; Kossobokov et

Updated predictions are regularly posted at:

Current predictions are accessible via password only, to
prevent improper use of research on earthquake prediction but

to permit rigorous real time test of the used methodologies

for

Northern Region, M,=5.4
65 54 5860555655 %
v v % 4 4

v

(Peresan al., Earth Sci. Rev. 2005)

s Central Region, M‘,=5.(i5 ;

58 Southern Region, M,=5.6
65 6057 58 60 65 57
vV V v
- .

1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 2005

'''''''''''

2006.5-2007

CN
algorithm

Times of Increased
Probability for the
occurrence of events
with M>Mo within the
monitored regions

M8S

algorithm
Monitored region
Alerted region

Events with M., 25.5
occurred since July 2003

Updated to January 1 2009
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Space-time volume of alarm in application in Italy

Experiment M6.5+
Space-time
volume, %

Retrospective 36

(1972-2001)

Forward 49
(2002-2008)

All together 37
(1972-2008)

Algorithm M8s predicted 63%

M6.0+ M5.5+

n/N Space-time n/N Space-time n/N

volume, % volume, %
2/2 40 1/2 39 9/14
0/0 43 0/0 21 5/9
2/2 40 1/2 36 14/23

of the events occurred in the monitored zones

in Italy, i.e. 17 out of 27 events occurred within the area alerted for the
corresponding magnitude range. The confidence level of M5.5+ predictions

since 1972 has been estimated

for other magnitude levels.
(updated to January 1 2009)

to be above 98%; no estimation is yet possible

http://www.ictp.trieste.ittwww_users/sand/prediction/prediction.htm
http://www.mitp.ru/prediction.htm

Space-time volume of alarm in application in Italy

. Space-time Confidence
Experiment volumeoof alarm n/N level (%)
(]
Retrospective* 41 3/3 93
(1954 — 1963)
Retrospective 27 5/5 >99
(1964 — 1997)
Forward 29 4/5 97

(1998 — 2008)

All together 30 12/13 99

(1954 = 2008)

* Central and Southern regions only

Algorithm CN predicted 12 out of the 13 strong earthquakes occurred in
the monitored zones of Italy, with 30% of the considered space-time

volume occupied by alarms.
(updated to January 1 2009)

http://www.ictp.trieste.ittwww_users/sand/prediction/prediction.htm
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Intermediate-term Intermediate-range
earthquake prediction and Earth
Observations

earthquake catalogue

geomorphology,
geology

Integ ration morphostructural map
with seismogenic nodes
geodetic over ftaly
observations

seismogenic nodes
for M>6.0 & M=6.5
within the

alerted regions

map of active faults
nearby the seismogenic
nodes

restrained areas Monitoring of
for GPS and SAR Fault zonas
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AST Pllot Projact - SI5MA
“Saismic Information Systam for Monitoring and
Alert”

Development of a system, based on the neo-deterministic
approach for the estimation of seismic ground motion,
integrating the space and time dependent information
provided by ro:l-ilme monitoring of seismic flow and EO
dzita analysis, through ozopnysical foryzrd modaling
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