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I. Newton’s (1642-1727) laws allowed the prediction of the 
course of the planets. G. Leibniz (1646-1716) and  I. Newton

were trying to expand the notion of optimization from 
mathematical functions and physics into the metaphysics. 

In the spirit of optimism prevailing 

in the 18th century

This world must be the best of all 
possible worlds

[G.W. Leibniz, Essais de Theodicée sur la Bonté de Dieu, 1710]

It was a time characterized by the end of religious wars and 
an enormous desire for peace. Economy and trade, emerging 
natural science and philosophy contributed to a stable world.

250 years ago



The Lisbon Earthquake occurred on November 1st, 1755 at 9:40 local time

30 minutes later the Tsunami arrived in town! 

250 years ago



Sumatra-Aceh, December 2004 Pakistan, October 2005

Extreme
Seismic
Events



“An extreme natural event is an 
occurrence that with respect to some 
class of related occurrences, is either 

notable, rare, unique, profound, or 
otherwise significant in terms of its 

impacts, effects, or outcomes”

Conclusions of the Conclusions of the Extreme EventsExtreme Events WorkshopWorkshop,,
Boulder, Colorado, June 7Boulder, Colorado, June 7--9, 20009, 2000

Extreme Seismic EventsExtreme Seismic Events



•• Extreme seismic events are a key manifestation Extreme seismic events are a key manifestation 
of dynamics of the lithosphere, a complex of dynamics of the lithosphere, a complex 
hierarchical nonlinear system evolving from hierarchical nonlinear system evolving from 
stability to a catastrophe over space and timestability to a catastrophe over space and time

•• Understanding of dynamics of extreme events is Understanding of dynamics of extreme events is 
most important scientific challengemost important scientific challenge

•• From physical understanding of the From physical understanding of the 
phenomenon phenomenon to accurate modeling and to accurate modeling and 
predictionprediction

•• From sophisticated predictions to prompt From sophisticated predictions to prompt 
information delivery to disaster management information delivery to disaster management 
authorities to undertake preventive measuresauthorities to undertake preventive measures

Extreme Seismic EventsExtreme Seismic Events



The Earth Simulator Center, Japan

These advances have a strong impact on the studies of geohazards such 
as earthquakes, landslides, tsunamis, and volcanic eruptions and show 

significant potentials to be applied to serve the sustainable 
development of society. 

Great advances in understanding of the complex Earth system and in 
computational tools, permitting accurate numerical modelling and

forecasting, are transforming the geoscience. 



Computational Geodynamics is a blending of the three areas to obtain 
a better understanding of some phenomena through a judicious match

between the problem, a computer architecture, and algorithms.

Quantitative Scientific Approach to 
Understanding the Earth’s Dynamics



• Modelling of Tectonic Stress

• Modelling of Seismic Hazard

• Modelling of Seismicity

OutlineOutline

How Quantitative Geoscience Can Contribute to 
Understanding Geodynamics and 

Associated Geohazards ?



Quantitative Modelling 
of Contemporary Tectonic Stress

(SE-Carpathians)

Ismail-Zadeh, Mueller & Schubert (Physics of the Earth and Planetary Interior, 2005)
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Geodynamic Model

Sperner et al., 2001





Martin et al., 2005

Seismic-tomographic image of the 2% high P-wave velocity anomaly



Refraction SeismicsVRANCEA 1999, 2001

Hauser et al., 2001; 2003
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How the earthquakes are How the earthquakes are 
associated with tectonic stress associated with tectonic stress 

localizations in the region?localizations in the region?





Demetrescu and Andreescu (1994)



Mathematical StatementMathematical Statement

Momentum equations

Incompressibility condition

Equation of state

Viscosity
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Ismail-Zadeh et al. (Comp. Math & Math Phys., 2001)





15 km depth





Maximum tectonic horizontal stress



Data Assimilation in 
Mantle-Lithosphere Dynamics

Ismail-Zadeh et al.  (Journal of Geophysical Research, 2006)



Basic principles of data assimilation:
• To consider the initial condition as a control variable; 
• To optimize the initial condition in order to minimize

the discrepancy between the observations and the
solution of the model. 

Data assimilation methods:
• Variational assimilation
• Quasi-reversibility assimilation
• etc
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The boundary-value problem for flow velocity
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The initial-boundary-value problem for temperature
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solution of the forward heat equation with appropriate
boundary conditions at final time, which corresponds to
unknown as yet the initial temperature distribution ϕ= ϕ(x);

0( ) ( , ; )x T x Tχ ϑ=
known temperature distribution at the final time 
for the initial temperature T0 = T0(x).

The objective functional has its unique minimum at ϕ = T0

0)( =∇ ϕJ
We seek a minimum of the objective functional with respect to initial temperature

The variational method finds the best fit between the forecast model state and 
the observations by minimizing an objective functional. 



To find a minimum of the functional J, we employ the gradient method
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The boundary problem is referred to as the problem adjoint to the heat problem. 

Note that the adjoint problem is well-posed.



2 4/ ( / ),   (0, ),  T t T T f T t tβ β β ββ ϑ∂ ∂ + ⋅∇ = ∇ + − ∇ ∂ ∂ ∈ ∈Ωu x

1 2 */ ( , ),          (0, ),  T T T t tβ β

The final-boundary-value problem to define temperature in the past
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The regularization parameter can be chosen such a way to minimize the temperature misfit:
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Model of the Present Temperature in SE-Carpathians

Model of the Temperature in SE-Carpathians ~23 My ago



Modeled tectonic stress, present

Maximum Shear Stress



Model tectonic stress, 23 My ago

Maximum Shear Stress



Quantitative 
Seismic Hazard Assessment

Ismail-Zadeh, Sokolov and Bonjer (Natural Hazards, 2006, in press)



Seismic Hazard Assessment Approach



Apparent increase of amplitudes with distance is a result of SITE EFFECTS!

NE-SW record section of the April 28, 1999 Mw=5.3 Vrancea event

Epicenter Bucharest



Comparison of MSK intensity distribution during two large Vrancea earthquakes 
(a: MW = 7.4, March 4, 1977 and b: MW = 7.2, August 30, 1986) and 

the PSHA results evaluated for two return periods (c: T = 475 yr and d: T = 100 yr). 



Comparison of PGA distribution during the Vrancea earthquake (a: MW = 7.2, August 30, 1986) 
and the PSHA results evaluated for two types of site conditions (b: rock and c, d: soil) 

and for two return periods (c: T = 100 yr and d: T = 475 yr). 



•• Based on data from seismic tomography, seismic refraction profilBased on data from seismic tomography, seismic refraction profiles, es, 
heat flow and on the knowledge of geodynamic evolution of the heat flow and on the knowledge of geodynamic evolution of the 
region, we have performed the quantitative analysis of contemporregion, we have performed the quantitative analysis of contemporary ary 
slow mantle flow and tectonic stress beneath the SEslow mantle flow and tectonic stress beneath the SE--Carpathians.Carpathians.

•• We have demonstrated a correlation between the location of We have demonstrated a correlation between the location of 
intermediateintermediate--depth earthquakes and the predicted localizations of depth earthquakes and the predicted localizations of 
maximum shear stress and horizontal compression. maximum shear stress and horizontal compression. 

•• Buoyancy forces, which result from realistic temperature and denBuoyancy forces, which result from realistic temperature and density sity 
distributions in the crust and mantle, can govern the contemporadistributions in the crust and mantle, can govern the contemporary ry 
deformation beneath the SEdeformation beneath the SE--Carpathians and explain the regional Carpathians and explain the regional 
stress pattern and intermediatestress pattern and intermediate--depth seismicity.depth seismicity.

•• The PSHA results are consistent with the general features of theThe PSHA results are consistent with the general features of the
observed earthquake effects in the SEobserved earthquake effects in the SE--Carpathians. Based on these Carpathians. Based on these 
results, we can conclude that geological factors play an importaresults, we can conclude that geological factors play an important nt 
part in the distribution of earthquake ground motion parameters part in the distribution of earthquake ground motion parameters 
within the region analyzed. within the region analyzed. 

Conclusion Conclusion -- 11



Numerical Modelling of Seismicity:
Block-and-Fault Dynamics 



Gabrielov et al. (1990), Soloviev and Ismail-Zadeh (2003)

•• A seismic region is considered as a structure of perfectly A seismic region is considered as a structure of perfectly 
rigid (upper rigid (upper crustalcrustal or or lithosphericlithospheric) blocks divided by ) blocks divided by 
infinitely thin fault planes. infinitely thin fault planes. 

•• The blocks interact between themselves and with the The blocks interact between themselves and with the 
underlying medium (lower crust or underlying medium (lower crust or asthenosphereasthenosphere). ). 

•• The structure of blocks moves in response to prescribed The structure of blocks moves in response to prescribed 
motion of the boundary blocks and of the underlying motion of the boundary blocks and of the underlying 
medium. medium. 

•• Deformation is localized in the fault zones, and relative Deformation is localized in the fault zones, and relative 
block displacements take place along the fault planes. block displacements take place along the fault planes. 



Synthetic catalogs of earthquakes allow for analysis of

• spatial-temporal correlation between earthquakes;
• earthquake clustering; 
• long-range interaction between the events;
• fault slip rates;
• mechanism of earthquakes;
• seismic moment release

BAFD Model-Generated Seismicity



Sudna Arc



“If age of the lithosphere and subduction rate are 
considered, than we should have not expected such a 
large event in the region” (H. Kanamori).

26/12/2004 M9.0 Sumatra-Aceh Earthquake

Was an earthquake with M~9 
expected in the region?

However, if the horizontal direction of the plate 
motion and the geometry of the plate are considered, 
than huge events in the region can be modeled.



BAFD BAFD model of the model of the SundaSunda Arc (geometry)Arc (geometry)

HS2-NUVEL1



Observed 
seismicity, 
M>6

Modelled
seismicity, 
M>7



Tibet-Himalayan Region
Ismail-Zadeh et al.  (EPSL, 2006, under review)











•• The contemporary The contemporary crustalcrustal dynamics and dynamics and seismicityseismicity
pattern in the Tibetpattern in the Tibet--Himalayan region are determined Himalayan region are determined 
by the Nby the N--NE motion of India relative to Eurasia and the NE motion of India relative to Eurasia and the 
movement of the lower crust overlain by the upper movement of the lower crust overlain by the upper 
crustalcrustal rigid blocks. rigid blocks. 

•• Clustering of earthquakes can be considered as a Clustering of earthquakes can be considered as a 
consequence of the dynamics of the consequence of the dynamics of the crustalcrustal blocks and blocks and 
faults in the region. The number and maximum faults in the region. The number and maximum 
magnitude of synthetic earthquakes change with the magnitude of synthetic earthquakes change with the 
variations in the movements of the variations in the movements of the crustalcrustal blocks and blocks and 
in the in the rheologicalrheological properties of the lower crust and the properties of the lower crust and the 
fault zones.fault zones.

Conclusion Conclusion -- 22



Basic science mustBasic science must become a "become a "brainbrain" of the " of the 
preventive disaster managementpreventive disaster management of extreme of extreme 
seismic eventsseismic events. . 

Geoscientists must Geoscientists must act todayact today and implement and implement 
statestate--ofof--thethe--art measures to protect society art measures to protect society 
from rare but recurrent extreme natural from rare but recurrent extreme natural 
catastrophes and humanitarian catastrophes and humanitarian tradegiestradegies. . 
Otherwise we will witness again and again Otherwise we will witness again and again 
the tragic aftermaths of seismic disasters, the tragic aftermaths of seismic disasters, 
which could have been avoided.which could have been avoided.

Final ConclusionFinal Conclusion
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