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SUBDUCTION 

SUBDUCTION INTERPLATE SEISMICITY 
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SLAB PULL 



some subduction zones 
produce great earthquakes 

with magnitude >9  
(Japan, Chile) … 

… other minor seismic 
activity with moderate 

sized events  
(Marianas, Caribbean) 

A SINGLE MECHANISM… 
DIFFERENT OBSERVABLES! 



- short instrumental  
seismic record 

- lack of direct 
observables 

- information (e.g., 
written accounts and 

geologic observations) 
may lack in resolution 

and completeness 



WHICH ARE INGREDIENTS CONTROLLING 
INTERPLATE SEISMICITY? 

 

(try to) define behaviour of the subduction thrust fault, analyzing  

if and how the parameter space of the long-term subduction 

process influences the interplate activity (  rupture length,  

depth, magnitude, recurrence intervals) 

 

 

unravelling the behaviour of global convergent margins 

long term-large scale 

short term-small scale 



geological data 

seismic data 

geodetic data 

seismic 
sections 

geothermal 

and other 
geophysical 

data 

plate motion recostructions 

modeling 

… 

petrology 
geochemical 

data 





MULTIDISCIPLINARY AND MULTISCALE 
 APPROACH 

 collection of global data on 
convergent margins and 

statistical analysis 
 

laboratory modelling 

 

modelling 

numerical modelling 



geometry vs. kinematics vs. dynamics 
of subduction 

WHICH ARE INGREDIENTS CONTROLLING 
INTERPLATE SEISMICITY? 

 

(try to) define behaviour of the subduction thrust fault, analyzing  if and how the parameter 

space of the long-term subduction process influences the interplate activity (  rupture length,  

depth, magnitude, recurrence intervals) 

 

 subduction thrust fault 

unravelling the behaviour of global convergent margins 
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 GLOBAL DATA ON CONVERGENT MARGINS 



THE ANCESTRAL IDEA 

Uyeda and Kanamori, 1979 

Ruff and Kanamori, 1980 

Marianas-type 

Chilean-type 
rapid subduction of  

young (buoyant) 
 subducting 
lithosphere 

 
 

strong coupling 

old 
 subducting 
lithosphere 

 
 

weak coupling 

Vs = 20 cm/yr 

Mw = 9.1 

History of 
 earthquakes 

too short 
to draw 

conclusions 
about their  
long-term 

distributions  

 GLOBAL DATA ON CONVERGENT MARGINS 



parameters 

 
topography 

topography + gravimetry 

Wadati – Benioff zone 

MARIANNE (21°N) 

Heuret and Lallemand, 2005 

 absolute motion (convergence and subduction 
velocities)  

 relative motion (trench and plate velocities)  in 
different RF 

 

 along-strike length of the trench  

  trench-arc distance 

 arc curvature 

 radius of bending of the slab  

 dip of the slab 

 geometry and structure of the overriding plate 

 geometry and structure of the subducting plate 

 

 subducting plate age 

 upper plate strain class  

 upper plate nature  

 slab thermal parameter 

 sediments at trench 

 magmatic output (eruptive rates)  of active arcs 

 accretion/erosive margin 

+ 

 GLOBAL DATA ON CONVERGENT MARGINS 

New reviewed and updated database improved both in accuracy and homogeneity of data sources 



INTERPLATE SUBDUCTION EARTHQUAKES  

3283 events Mw ≥ 5.5 
726 events Mw ≥ 7.0 

505 transects 
(1°trench) 

 
Seismic catalogs: 
- Harvard CMT* 

- EHB Hypocenters* 
- Centennial** 

 GLOBAL DATA ON CONVERGENT MARGINS 



http://submap.gm.univ-montp2.fr/ 

 GLOBAL DATA ON CONVERGENT MARGINS 

http://submap.gm.univ-montp2.fr/
http://submap.gm.univ-montp2.fr/
http://submap.gm.univ-montp2.fr/


 
  
a) statistical analysis on the entire set of parameters; 
  
 
 
 
b) input parameters for laboratory/numerical modelling; 
  
 
 
 
c) test the modelling predictions. 

uses of the database 

 GLOBAL DATA ON CONVERGENT MARGINS 
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Nature 

(km, Myrs) 

Model 

(cm, hours) 

 

 ANALOGUE MODELS 

A model is an attempt to reproduce a natural process at 
different scales:  

spatial & temporal 



Cadell, 1888 

increasingly 
complex 
models 

high 
resolution 
monitoring 
techniques  

 
 
 
 
 
 

new rock 
analogue 
materials 

Univ. Montpellier lab 

 ANALOGUE MODELS 



Spring slider models: elastic and frictional 
elements are physically discrete 
components of the setup 
(only conceptually applied to nature). 
 

Rosenau et al, 2016 

Fault block models:  two elastic blocks, with 
similar or different elastic properties, are in 
frictional contacts 
(qualitatively extrapolated to nature). 
 

Scaled models: tectonic settings are realistically 
simulated at small scale and with boundary 
conditions mimicking  the natural prototype 
(quantitatively upscaled to nature). 

 ANALOGUE MODELS 

loading 



 DESIGNING A NEW APPARATUS 



new analog 
material 

Di Giuseppe et al., 2009 

 ANALOGUE MODELS 



new analog 
material 

scaling frictional 
behavior of the 

analog fault 

explore the role of loading rate, normal pressure 
and interface roughness on friction dynamics 

Corbi et al., 2011 

 ANALOGUE MODELS 



new analog 
material 

gel-wedge  

models 

scaling frictional 
behavior of the 

analog fault 

new analogue setting to model subduction zone seismic 
cycle featuring: 

 
- realistic tectonic loading; 
- rate-dependent frictions at plate interface; 
- viscoelastic stress relaxation of the lithosphere. 

Gelquakes’ Machine 

 ANALOGUE MODELS 
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 ANALOGUE MODELS 
the setup 
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seismogenic zone 

 ANALOGUE MODELS 
the setup 
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(CCD  
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 ANALOGUE MODELS 
the setup 

top view 



 ANALOGUE MODELS 
the setup 



25x; lateral view 

 ANALOGUE MODELS 
model behaviour 

spontaneously nucleating 
frictional instabilities  

(i.e., analog earthquakes)  
as result of 

 stress buildup 
and plate interface 

strength 



Particle Image Velocimetry output 

 ANALOGUE MODELS 
25x; lateral view model behaviour 
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VELOCITY TIME SERIES 

analog earthquakes 

interseismic stage 

alternate phases of quiescence with phases of high speed 
 
 

hundreds of 
scaled analog 

microquakes and 
associated 

seismic cycles 



RUPTURE BEHAVIOR 

Corbi et al., 2013 



Corbi et al., 2011 we capture 
events of 

various size 

SLIP DISTRIBUTION ON  
THE SUBDUCTION MEGATHRUST 

the majority of 
earthquakes 

nucleate in the 
vel weakening 

zone and 
propagate in 

the vel strength 

there is a clear 
proportionality 
between slip 
and rupture 
width as in 

nature 

nucleate in the 
deeper part of 

the rupture and 
propagate 

preferentially 
seaward 



interseismic stage 
Moreno et al., 2011 

like Chile! 



interseismic stage 
Moreno et al., 2011 

like Chile! 



like Tohoku! 
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coseismic stage 



like Sumatra! 

coseismic stage 

coseismic vertical displacement 

few km from the trench 

inland site 

both pictures Caltech 



Romano et al., 2012 

like Tohoku! 

coseismic stage 



NOT ONLY LET… 



TNA: COME AND USE OUR LABS! 

https://www.epos-ip.org/tcs/multi-scale-laboratories 
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DEFINING THE  
SEISMOGENIC 

ZONE GEOMETRY 
GOAL #1 



62 segments with 
homogeneous 

seismicity 

Heuret et al., 2011 



                      

HOW TO DESCRIBE THE SEISMOGENIC ZONE? 

Heuret et al., 2011 

- Coseismic rupture area 
- Interseismic locked area 

- Thermally defined seismogenic zone (100-150°C to 350-450°C) 
- Moderately sized earthquakes 



mean = 23°±8° 

W= 60-180 km 
Uz  = 11  4 km;  Dz  = 51  8 km 
Ux  = 38  27 km;  Dx  = 142  52 km 

70% of the SZs extend > 10 km  
below the forearc Moho  

(defined by Wada and Wang, 2009) 
 
 

extent of serpentinization of the mantle wedge  
(enhancing the formation of stable sliding minerals)  

may differ locally (e.g., Seno, 2005) 

DEFINING THE SEISMOGENIC ZONE… 
AS MODERATELY SIZED EARTHQUAKES 

 NUCLEATION AREA 

Heuret et al., 2011 



DEFINING THE  
SEISMOGENIC 

ZONE ACTIVITY 
GOAL #2 



seismic 
activity 

parameters  

t Seismic moment rate  (n° of Mw>5.5 events by year by 1000 km of trench) 

MMR Moment released rate 

MMMR Equivalent representative magnitude sensu Ruff and Kanamori, 1980 

c Seismic coupling (seismic rate/subduction rate) 

Mmax Highest earthquake magnitude observed along the section 

t  

MMMR 

mean value 8.2 ± 0.6 c  
c 

mean value 0.25 ± 0.30  

  

Mmax 

mean value 7.8 ± 0.7  

slip mostly aseismic or 

strain accumulating 
Heuret et al., 2011 



SUBDUTION  
THRUST FAULT  
PARAMETERS 

 
vs. 
  

SUBDUTION  
PARAMETERS 

GOAL #3 



Pearson product-moment correlation coefficient  
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seismological parameters  

se
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m
o

lo
gi
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geodynamical parameters  

http://images3.wikia.nocookie.net/nonciclopedia/images/9/93/Munch_scream_detail.jpg


 
Multiparametric 

analysis 

Mirror of the intricate 
subduction related 
physical processes. 

A single parameter is 
never 

able to robustly 
explain the whole 

diversity 
observed at 
subduction 
interfaces!!! 

Pearson product-moment correlation coefficient  

seismological parameters  
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geodynamical parameters  
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SUBDUCTION VELOCITY:  
A POSSIBLE TUNING FACTOR 



 
 

fast (and cold) subduction zones  
produce a large number of 

moderate earthquakes over a narrow, deep and steeply dipping 
seismogenic interface 

 
 

 

 

 

stress accumulation (i.e. shear velocity) +T-related process 

SUBDUCTION VELOCITY:  
A POSSIBLE TUNING FACTOR 



SUBDUCTION VELOCITY TUNES 
STICK-SLIP DYNAMICS 

Corbi et al., 2017 



CONDITIONS FOR  
MEGA-EARTHQUAKES 

GENESIS 
GOAL #4 



Mmax enhanced by neutral regimes 

I thought that large compressive 
stresses reflected a larger 

/stronger stress accumulations 
of the subduction fault   

(i.e. larger asperities)!!! 

Heuret et al., 2011 



NEUTRAL REGIME 
favorable interplay between a significantly large initial 

released seismic moment and a low critical stress for the 
lateral rupture propagation 

“UPS REGIME MODEL” 

Heuret et al., 2011 

Compressive UPS favors  
the release of the large seismic 

moment during the occurrence of 
the initial asperity rupture but the 

large critical stresses associated with 
adjacent asperities may inhibit the 

lateral rupture propagation! 
(Hayes and Conrad, 2007) 



MULTIVARIATE STATISTICS 

PATTERN RECOGNITION ANALYSIS 



Binary Decision Tree Fisher Discriminant analysis 

MULTIVARIATE STATISTICS 

Mwmax <8.5 

Mwmax ≥8.5 

Empirical distribution function of each feature for 
both classes finding the one showing the max stat 
difference  main order feature. 
Then the algorithm looks for the higher order 
features until no further branching is possible.  

Projection of the data along the direction that 
maximize dispersion between the classes to the 
dispersion within the classes. This direction is a 
linear combination of parameters having influence 
on the Mmax 
 



trench 
parallel 
length 

sediment 
thickness 

INGREDIENTS ABLE TO TUNE THE ABILITY 
OF RUPTURE TO PROPAGATE LATERALLY 

combined control on MEQs generation? 

UPS 



ROLE OF SEDIMENTS 



proxy for sediment input into  
the subduction channel 
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Heuret et al., 2012 

SEDIMENTS AND UPS vs. Mmax 



MEGAEARTHQUAKE RUPTURE 



WHAT IS ENHANCING 
LATERAL RUPTURE PROPAGATION? 

Corbi et al., 2017 



WHAT IS ENHANCING 
LATERAL RUPTURE PROPAGATION? 

Corbi et al., 2017 

Mapping coupling is not sufficient to anticipate the rupture dynamics:  
need to reconstruct the segment history (and the frictional parameters). 



WHAT IS ENHANCING 
LATERAL RUPTURE PROPAGATION? 

Corbi et al., 2017 



WHAT IS ENHANCING 
LATERAL RUPTURE PROPAGATION? 
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WHERE INTERPLATE 
MEGA-EARTHQUAKES 

ARE MORE LIKELY 
TO OCCUR  

 
GOAL #5 

(…a dream?) 





 NEW GLOBAL DATA ON CONVERGENT MARGINS 

Claudia 
Piromallo 

Arnauld 
Heuret 



 NEW GLOBAL DATA ON CONVERGENT MARGINS 

Serge 
Lallemand 

Elenora 
Van Rjsingen 



 FINDING FOR NEW ANALOGUE MATERIALS 

(2
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a
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l) 

IMPROVE 
SIMILARITIES 
TO NATURE 

Silvia 
Brizzi 

Fabio 
Corbi 



 MOVE TO A LARGER APPARATUS… 





 
global model 

modified from Davaille, 2003 

SUBDUCTION 

3-D 

dynamically self-consistent 

slab-mantle fully coupled 

short- and long-scales 




