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 Introduction and historical Background 
 

 Is plate tectonics a case of non-extensive 
thermodynamics? 
 

 Non Extensive statistical physics approach to fault 
population distribution.  

   
 Seismicity in terms of non-extensive statistical physics. 

A challenge 
 

 Evidence of  non-extensive thermodynamic lithospheric 
instability at the approach of the 2004 Sumatran- 
Andaman and 2011 Honshu mega-earthquakes  
 

 Experimental evidence of a non-extensive statistical 
physics behaviour of fracture in triaxially deformed Etna 
basalt using acoustic emissions. 
 





Seismology 

Statistical  
Physics  

Rock 
Physics 

What are the collective properties of the seismicity/fractures set, defined by all 
earthquakes [fractures] in a given region? 

How does seismicity [in rocks AE or PSC], which is the “structure” formed by 
all earthquakes [fracturing], depend on its elementary constituents, the 
earthquakes [fractures]? Which are the properties of this dependence? 

What kind of dynamic process does seismicity [AE and/or PSC] constitute? 

How are laboratory observations of fracturing and creep related with 
geodynamic deformation and what are the accompanying phenomena? 

 



Nonextensive Statistical 

Physics 
• Physics is based on two pillars:  

 

 energy and entropy.  
 

• ENERGY concerns (dynamical or mechanical) possibilities;  
 

• ENTROPY concerns the probabilities of those possibilities.  
 

• Energy ….is more basic, and clearly depends on the 
physical system (classical, quantum, relativistic, or any 
other);  

• Entropy ……is more subtle, and reflects the information 
upon the physical system.  



Ludwig 

Boltzmann 

(1844-1906) 

 Entropy as a physical property was introduced by the 

German physicist Rudolf Clausius in the mid-1860s to 

explain the maximum energy available for useful work in 

heat engines. 

 

 It was not until the work of Boltzmann in the late 1870s, 

however, that entropy become clearly defined according to 

the famous formula: 

 

                                                            ,                     

     where, S is entropy, kΒ is the Boltzmann constant and W 

is  the number of microstates available to a system. 

 

 Boltzmann’s formula shows that entropy increases logarithmically with the number of 

microstates. 

 It also tends to class entropy as an extensive property, that is a property, like volume or mass, 

whose value is proportional to the amount of matter in the system. 

S= kB lnW

Statistical Mechanics  



Ludwig Eduard 
Boltzmann, 
Austrian Physicist, 
(1844-1906)  

Josiah Willard Gibbs (1839 – 
1903) American theoretical 
Physicisttician  

Constantino Tsallis (1943–  ) is a 
Physicist working in Brazil.  

He was born in GREECE and grew 
up in Argentina 

http://en.wikipedia.org/wiki/File:Josiah_Willard_Gibbs_-from_MMS-.jpg
http://en.wikipedia.org/wiki/Mathematician
http://en.wikipedia.org/wiki/File:Boltzmann2.jpg


 Tsallis generalized thermostatistics 

  In the last decade a lot of effort has been devoted to understand if   

  thermodynamics can be generalized to nonequilibrium complex systems 

 

  In particular one of these attempts is that one started by Constantino Tsallis  

  with his seminal paper  J. Stat. Phys. 52 (1988) 479  

For   recent  reviews see  for example: 

•  C. Tsallis,   Nonextensive Statistical Mechanics and Thermodynamics , Lecture Notes 

   in Physics, eds. S. Abe and Y. Okamoto, Springer, Berlin, (2001); 

•  Proceedings of NEXT2001, special issue of Physica A 305 (2002) eds. G. Kaniadakis, M.  

   Lissia and A Rapisarda; 

•  C. Tsallis, A. Rapisarda, V. Latora and F. Baldovin in "Dynamics and Thermodynamics of   

   Systems with Long-Range Interactions", T. Dauxois, S. Ruffo,E. Arimondo, M. Wilkens  

   eds., Lecture Notes in Physics Vol. 602, Springer (2002) 140; 

•``Nonextensive Entropy - Interdisciplinary Applications'', C. Tsallis  and M. Gell-Mann eds.,   

   Oxford University Press (2003). 

•  A. Cho, Science 297 (2002)  1268; S. Abe and A.K. Rajagopal, Science 300, (2003)249;   

   A. Plastino, Science 300 (2003) 250; V. Latora, A. Rapisarda and A. Robledo, Science  

  300 (2003) 250. 

 



Tsallis entropy  

• effective as a measure of nonextensive entropy 

• successful in describing systems with 
long-range interactions, multifractal 
space–time constraints or long-term 
memory effects           (Tonga, 2002) 
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Foundations and applications 

For  recent successful applications of the  generalized statistics see for example 

Turbulence  
•Beck, Lewis and Swinney      PRE 63 (2001) 035303R ;  Beck, Physica A 

295 (2001) 195   and   cond-mat/0303288 Physica D (2003) in press. 

High energy collisions •Wilk et al  PRL 84 (2000) 2770, Beck  Physica A 286 (2000) 164;  

Bediaga, Curado, De Miranda , Physica A 286 (2000) 156 

Biological systems  •Upaddhyaya et al Physica A 293 (2001) 549 

Maps at the edge of chaos  
•  V.Latora, M.Baranger, A. Rapisarda and C.Tsallis, Phys. Lett. A 273 

(2000) 97; U. Tirnakli, Phys. Rev. E 66;(2002) 066212;  E.P. Borges, C. 

Tsallis,G.F.J. Ananos, P.M.C. de Oliveira, Phys. Rev. Lett. 25 (2002) 

254103. 

For the most recent studies on the theoretical foundations see 
C. Beck,    Phys Rev. Lett.  87 (2001) 180601 

C. Beck and E.G.D. Cohen, Superstatistics    Physica A 322  (2003) 267 

F. Baldovin and A. Robledo,  Phys. Rev. E  66 (2002) 045104(R) and Europhys. Lett. 60 (2002) 518 

Econophysics  •L. Borland, Phys. Rev. Lett. 89 (2002) 098701   

Cosmic rays •C. Tsallis, J.C. Anjos and  E.P. Borges, Phys. Lett. A   310 (2003) 372.   

Natural Hazards  
•F. Vallianatos, NHESS, 2009 



NHESS [Vallianatos, 2009] 

• has demonstrated the applicability of 

the non-extensivity viewpoint to 

natural hazards and how natural 

hazard risk functions (for earthquakes, 

rock falls, forest fires and landslides) 

may calculated analytically. 



Nonextensive Statistical 

Physics 

& 

Rock and Earthquake physics 

 

 



Boltzmann- Gibbs entropy 
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The Boltzmann- Gibbs entropy : 

•Is always positive 

• is expansible 

• is additive 

For two probabilistic events A and B: 

 

                                        S(A+B) = S(A) + S(B) 

 

L. Boltzmann 



The NESP approach and Tsallis entropy  
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Tsallis entropy’s properties: 

• expansibility 

• non-negativity 

• non-additivity 

 

 

 

C. Tsallis 



Tsallis entropy is non-additive 

• For two probabilistic events A and B : 

 

•q<1                          supperadditivity 

 

• q>1                         subadditivity 

 

• q=1                         additivity ( Boltzmann-Gibbs ) 
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the probability distribution p(X) of the seismic parameter X (i.e., the seismic moment 
M, the inter-event time τ or the inter-event distance D) is obtained by maximizing the 
non extensive  entropy under appropriate constraints with the Lagrange multipliers 
method. Herein we use the normalization condition and a generalized expectation value 
definition as appropriate parameters to optimize the non-extensive entropy  

. We note that Xq denotes the generalized expectation value (q-expectation 
value) and Pq(X) is the escort probability (Tsallis, 2009).  

The Lagrange multipliers method  

the  q-partition function 

http://www.sciencedirect.com.libproxy.ucl.ac.uk/science?_ob=MathURL&_method=retrieve&_udi=B6TVG-4XDMHHW-2&_mathId=mml42&_user=125795&_cdi=5534&_pii=S0378437109008553&_rdoc=1&_issn=03784371&_acct=C000010182&_version=1&_userid=125795&md5=4b3ae8ff998e48b92867ccba4802e483
http://www.sciencedirect.com.libproxy.ucl.ac.uk/science?_ob=MathURL&_method=retrieve&_udi=B6TVG-4XDMHHW-2&_mathId=mml43&_user=125795&_cdi=5534&_pii=S0378437109008553&_rdoc=1&_issn=03784371&_acct=C000010182&_version=1&_userid=125795&md5=37df1021313c128d72f799fad010a599


   

The q-exponential distribution for various values of q and for X0=1 in 

log-linear and log-log scales. The distribution is convex for q> 1 and 

concave for q< 1. For q< 1, it has a vertical asymptote at x = (1-q)-1 

and for q> 1 an asymptotic slope -1/(q-1). For q=1 the standard 

exponential distribution is recovered. Figure  



the cumulative distribution function is given 

by the expression  . 

P(>X) = expq(-BX), 
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Another type of distributions that are deeply connected to statistical 

physics is that of the squared variable X2. In BG statistical physics, the 

distribution of X2 corresponds to the well-known Gaussian distribution. 

If we optimize Sq for X2, we obtain a generalization of the normal 

Gaussian that is known as q-Gaussian distribution (Tsallis, 2009) and has 

the form:  



Cross Over NESP 







(Tsekouras & Tsallis, 2005)  

F is the hypergeometric function. 





 
 
Is plate tectonics a case 
of non-extensive 
thermodynamics? 



• Plate tectonics was originally conceived as the 
motion of a limited number of rigid lithospheric 
plates moving over a weak asthenosphere, driven 
by convection cells deep in the mantle.  

• plate tectonics may be a self-organized system, 
far from equilibrium, with the mantle a passive 
provider of energy and material. The plate mosaic 
then would be readily reorganized by stress 
changes. 

• In 2003, Bird presented a new global set of 
present plate boundaries on the Earth in digital 
form . In addition to the 14 major plates used in 
the NUVEL-1A  model , Bird includes 38 small 
plates to make a total of 52. 



q=1.75  



Non Extensive statistical physics 
approach to fault population distribution. 
 
 
 

Fault systems are among the most relevant 
paradigms of the so-called self-organized 
criticality (Bak et al., 1987) and represent 
a complex spatio–temporal phenomenon 
related to the deformation and sudden 
rupture of the earth‘s crust. 

   
 
 
 



• Systematic variations in fault size distributions during 
fault system evolution have been predicted from physical 
experiments (Ishikawa and Otsuki, 1995) and numerical 
models (Cowie et al., 1995; Cladouhos and Marrett, 
1996; Gupta and Scholz, 2000).  

• Some continental fault populations obey a power-law 
(fractal) distribution of size (e.g. Scholz and Mandelbrot 
1989; Spyropoulos et al., 1999). On the other hand Cowie 
et al., (1994) showed that the size distribution of normal 
faults in oceanic crusts is best described by an 
exponential function.  



• Non Extensive statistical physics approach to fault 
population distribution. A case study from the Southern 
Hellenic Arc (Central Crete). 
 

All faults in Central 
Crete graben.   

 

The q=1.16 



a)  independent fault segments  B) strongly interacting (or linked) fault 
segments  

A non-extensive statistics of the fault-population at 
the Valles Marineris extensional province, Mars.  

Explore using the principles of non extensive statistical mechanics the fault 
population statistics derived for an extraterrestrial data set selected in a well-
studied planet as Mars is.  

Applied techniques of digital image interpretation unequivocal evidence for normal faulting (Banerdt et al., 1992), 
thrust faulting (Watters, 1993) and strike-slip faulting (Schultz, 1989) on Mars has been demonstrated. Given that 
little or no liquid water is present at the Martian surface, along with the presence of only a tenuous atmosphere, 
erosion and deposition processes that can degrade fault scarps are extremely slow, promoting well-preserved 
structures over geologic timescales and facilitating the recognition, interpretation, and measurement of these 
relatively pristine structures in orbital images (Schultz et al., 2010) 



a) independent fault segments B ) strongly interacting (or linked) fault 
segments 

Semi-q-log plot of the cumulative distribution function CDF of a) independent and 
b) strongly interacting (or linked) fault segments from Valles Marineris extensional 

province, Mars. The analysis of fault lengths indicates that q =1.10 for the 

independent faults , while q=1.75 for the linked faults ,  



Compressional Mars faults                 b) Extensional Mars Faults 
 



Study Area – The Hellenic 

Subduction Zone (HSZ) 
 The active portion of the Hellenic 

orogeny is an arcuate belt reaching 

from the central Adriatic Sea 

southward, and eastward to 

western Anatolia. 

 It presents a complex geometry 

and forms a strongly curved plate 

boundary.  

 It is the most seismically region in 

Europe. 

 This high seismic activity is 

caused by the subduction of the 

Adriatic lithosphere in the north 

and the Ionian oceanic lithosphere 

in the south (Fig. 1). 

 

Seismicity in terms of non-extensive statistical 
physics. A challenge 



The Nonextensive Model for Earthquake Frequency-Magnitude 

distribution. 

      In 2004 Sotolongo and Posadas proposed a new model which describes 

better the frequency-magnitude distribution of earthquakes, when long 

range interactions are important.  Starting from the main principle of 

maximization of the Tsallis entropy, Luciano Telesca (2012) derived the 

following equation:  

 

 

 

After some algebra, we can easily derive the relationships between the b- value 
and the entropic index q: 
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 NESP and the Frequency-Magnitude Distribution of Earthquakes 

 The thermo-statistical parameter qM, which 

is related to the earthquake magnitude 

distribution, could be used as an index to 

inform us about the physical state of the 

HSZ ). 

 The variations of the qM parameter are 

related to the energy release rate in each 

seismic zone. 

 As qM increases, the physical state moves 

away from equilibrium implying that more 

earthquakes can be expected.  

 High qM values suggest those seismic zones 

which are away from equilibrium in a 

statistical physics sense. 

variation of the qM parameter along the 

seismic zones of the HSZ 



The spatial distribution of the 

calculated non-extensive 

parameter q
M
  along with the 

heat flow and seismicity for 

focal depths 0-40km 



Evidence of  non-extensive thermodynamic 
lithospheric instability at  the approach of   the  

2004 Sumatran- Andaman and 2011 Honshu  
mega-earthquakes 

 
 
 
 
 
 

The global earthquake frequency-magnitude distribution, along with the inter-event 
time and distance distributions are among the long-standing statistical relationships 
of seismology. 

The preparation of mega events, might have involve a territory of the order of ten 
thousand kilometers  in linear dimension, suggesting that the generation of such 
mega events is likely to have a world wide scale, rather than  involve interactions 
only on a regional fault system(Romashkova, 2009 ).  

Here we use the Centroid Moment Tensor Catalogue 
summed from 1.1.1981 to 27.03.2011, for shallow events 
(H<75 km) with Mw>5.5.  



Distribution of seismicity versus seismic moment  for the Centroid Moment Tensor Catalogue up to 

the end of 1990 (before Sumatra mega event, in black),  the end of December 2004 (after Sumatra, 

in red) and within a week after Honshu mega earthquake ( till 17 March 2011, in green), for shallow 

events (H<75 Km), with Mw>5.5, since 1 January 1981. This is plotted as a normalized cumulative 

distribution function (CDF) against seismic moment. 

 



Temporal evolution of non-extensive parameters q and r extracted from the analyses 

of seismic moment distribution using the global CMT catalogue. We observe a 

stable organization in moderate events in contrast to a significant change of r , 

which supports the concept of the global organization of seismicity before the two 

recent Sumatra and Honshu mega events. 



Log-log plot of the cumulative distribution of inter-event times for the Centroid 
Moment Tensor Catalogue summed from 1.1.1981 to 31.12.2000, to 31.12.2005 and 

27.03.2011 for shallow events Mw>5.0.  There is no change observed due to the 
Sumatran and Honshu earthquakes. The best fit regression is realized by qτ = 1.52 
and το = 290 min. The associated value of the correlation coefficient between the 

data and the model is 0.99354 
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Log-log plot of the cumulative distribution of inter-event distances for the Centroid Moment Tensor 

Catalogue summed from 1.1.1981 to 31.12.2000, to 31.12.2005 and 27.03.2011 for shallow events 

Mw>5.0.  There is no change observed due to the Sumatran and Honshu earthquakes. The best fit 

regression is realized by qD = 0.29 and Dο = 104 Km. The associated value of the correlation 

coefficient between the data and the model is 0.96889 
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The regionalization technique 

 According to the FE code (1974), 
which is a reorganization of the 
division made by Gutenberg and 
Richter, the Earth is subdivided 
into 50 geologically homogeneous 
zones. 

Lombardi and Marzocchi (2007) 
merged some of the FE regions, 
using a focal mechanism for each of 
the 50 regions. 



The b value and the entropic index qM inside the 

regions   

b value qM No events

Region 1 0.960 1.491 1135

Region 2* 0.990 1.418 517

Region 5 1.000 1.498 674

Region 6 1.060 1.470 559

Region 7 0.790 1.474 283

Region 8 1.030 1.516 1608

Region 9 1.180 1.195 105

Region 10 1.070 1.421 660

Region 11 0.810 1.555 323

Region 12 0.890 1.471 2392

Region 13 1.190 1.295 299

Region 14* 1.030 1.424 3361

Region 16 1.000 1.463 1097

Region 17* 1.080 1.472 872

Region 19* 0.950 1.507 3006

Region 22* 1.130 1.425 2372

Region 24 0.850 1.493 1265

Region 25* 0.910 1.494 822

Region 29 0.970 1.466 313

Region 30 1.030 1.429 377

Region 31 1.310 1.368 160

Region 32 1.360 1.354 1268

Region 33 1.230 1.459 1104

Region 34 1.030 - 40

Region 35 - - 2

Region 36 1.650 - 14

Region 37 0.960 1.481 271

Region 38 1.120 - 23

Region 39 0.920 1.429 90

Region 40 1.280 1.346 230

Region 41 1.030 1.267 62

Region 42 0.690 1.470 74

Region 43 1.700 1.285 1052

Region 44 1.670 1.184 230

Region 45 1.330 1.267 315

Region 46 0.840 1.470 963

Region 48 1.110 1.482 200



Experimental evidence of a non-extensive statistical physics 

behavior of fracture in triaxially deformed Etna basalt 

using acoustic emissions. 
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• AEs in Etna’s basalt are described by the q-
value triplet (qM, qτ , qD)=(1.82, 1.34, 0.65).  

• We note that in the case of a simple system 
described by Boltzmann - Gibbs statistics the q 
triplet is given by (qM, qτ , qD) = (1, 1, 1). 

• We point out that the sum of qτ and qD indices 
of the distribution of the inter-event time and 
distance is qτ+qD≈2, similar with that observed 
in regional seismicity data both from Japan 
and California [20, 26] and verified 
numerically using the two dimensional 
Burridge-Knoppoff model [32, 33]. In non-
extensive statistical mechanics quantities that 
are described with q (>0) and 2-q (>0) are 
defined as dual. 
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CONCLUSIONS ?????? 

 

Earth Physics is just a non linear combination of all chapters of 
physics. IS A REAL HOLISTIC APPROACH 

 

We hope that we have convinced you about the interest to 
study NESP/AE/Earthquakes, matters that possibly involves some 
elements of universality in Earth Physics Laws. 

 

A travel in a Holistic approach is on the way…… 
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BREAKING   NEWS !!!!! 
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 Normalized Probability density function P(X) (solid circles) for 

the 1900-2012 global seismicity with magnitudeM≥7 on a semi-

log plot, where S=exp(M), R=S(i+1)-S(i), X =(R-<R>)/σR and <R> 

the mean and σR the standard deviation. The dashed curve 

represents the standard Gaussian shape and the solid line the q-

Gaussian distribution for the value of q=1.85 ±0.1. 

Similar results obtained analyzing time series of principal stress 

values σ1 ,σ2 along with the direction of principal stress θs 

recorded during the CEAREX Arctic field campaign  . The 

Probability density function of normalised fluctuations, of the 

principal stress σ1(t) for the Arctic sea ice exhibits fat tails and 

deviates from the normal Gaussian distribution (Fig. 4). A q-

Gaussian distribution with q=1.82 can well describe the 

observed distribution.  

 

Probability density function of 

normalised fluctuations, of the 

principal stress σ1(t)  (black circles) 

with q-Gaussian fit (solid red line) 

and Gaussian fit (dashed black line) 

for the Arctic sea ice with q=1.82 .  
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