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• Slow Slip Event (SSE): slip on a fault, no wave emission, takes a long 
time to happen i.e. a few days to a few years. 

• SSE in the transition zone (most common) or  in the seismogenic 
zone (Boso, Japan, Ozawa et al, 2003; Costa Rica, Protti et al, 2004). 

• Recurrence: 
months to years. 

• Slip: a few cm 
• Stress drop: ~ 0.1 

Mpa 
• Associated with 

tremors 
 

Beroza et Ide, 2011 



AIM 

• Work already done: caracteristics and spatio-temporal 
evolution of slip during SSE (Radiguet, 2011) 

 

• This work: 

• Stress evolution has not been studied 

• Evaluate the stress-slip or stress-slip rate relationship as 
is done for earthquake (Ide and Takeo, 1997). 
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Radiguet et al, 2010 
Radiguet et al, 2012 
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SSE Duration Mean slip Mw equiv 

2006 1 year 5.7 cm 7.5 

2009-2010 1 year (2 sub-events) 6.3 cm 7.5 

• Slip model : 
• Fault decomposed in subfaults 12,5*13 km 

• Principal Component Analysis Model (PCAIM): GPS temp. series 
decomposed as sum of components  and inversion of the displacement 
associated to each component (spatial eigenvectors). No a priori on slip 
evolution but spatial smoothing important  

• Parametric method: Slip on each subfault described by a slip function, 
inversion with a least square formulation. Simple source description but 
a priori on the slip evolution 

 



Stress determination method 

• Stress change on a fault plane: convolution of the causal 
fault slip and the medium response function over the 
slipping area 

 

 

• Analytical Green function for an homogeneous, elastic, 
infinite space. 

∆𝝉 𝑿 =  𝒌𝒆𝒓 𝒙 − 𝝃 𝜟𝒖 𝝃 𝒅𝜮 
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M8.8 Maule 
earthquake 

Slip Slip propagation Stress 

m MPa 
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STRESS ANALYSIS Maule 
earthquake 
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2009-2010 SSE 



Slip weakening law: 
Mean slope -0,5 MPa/m 
 
Δτ~ 0,03 MPa 
Dc ~ 0,06 m 

Dc 

Δτ 

τ (MPa) 

Slip (m) 

MPa/m 
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CONSTITUTIVES LAWS 2009-2010 SSE 

? 



• Rate and state law: 
Dieterich law 

 

 

• b-a>0: stable, velocity strengthening 

• b-a<0: unstable, velocity weakening 

• 4 unknowns: A=a*sneff, B=b*sneff, L, se 

• Grid search: what is the best τ corresponding to V? 

• Initial condition: fault in the steady state 

• Misfit: 

 

CONSTITUTIVES LAWS 

𝜏 = 𝑠𝑒 + 𝐴 ∗ ln 𝑉 + 𝐵 ∗ 𝑙𝑛
𝜃

𝐿
 

𝑑𝜃

𝑑𝑡
= 1 −

𝑉𝜃

𝐿
 

𝜒 = 𝜏𝑐𝑎𝑙𝑐 − 𝜏𝑎𝑛𝑎𝑙
2 9/19 
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CONSTITUTIVES LAWS 2009-2010 SSE 



 

 

 
• L~cm; A term negligible compared to B term. 

 

• 87% of the subfaults considered has a misfit lower  

 than 0,005 

 

• B-A = (b-a)sn => if b-a=0,004 then sn=5 MPa 

𝜏 = −0,2 + 0,001 ∗ ln 𝑉 + 0,02 ∗ 𝑙𝑛
𝜃

0,04
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CONSTITUTIVES LAWS 

Normal effective stress 

A B 
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Slip Slip propagation Stress 

m MPa 
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2006 SSE 
same observations 

Slip weakening law: 
Mean slope -0,5 MPa/m 
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2009-2010 SSE 2006 SSE 
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2006 SSE 
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Slip Slip propagation Stress 

m MPa 
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2006 SSE 
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Parametric method 



2006 SSE 
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L = 0,019 m 
A = 0,001 MPa 
B = 0,038 MPa 

L = 0,013 m 
A = 0,003 MPa 
B = 0,022 MPa 

L = 0,06 m 
A = 0,001 MPa 
B = 0,05 MPa 

Parametric method 



Conclusion 

• Stress analysis of 2 SSEs: 2006 and 2009-2010 

• Constitutive laws used for classical earthquakes are valid 
for SSE: 

• Slip weakening law emerges spontaneously 

• Confirm rate and state law explains behavior of SSEs 

• Same mechanical behavior for both SSEs 

• Parameters of the rate and state law can be retrieved: 

• L of the order of cm 

• Low effective normal stress  

• Kinetic term negligible compared to the evolution 
term 

• The constitutive relations remain unchanged before 
and after the Maule earthquake. 
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THANK  YOU! 
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PCAIM 
• Principal Component Analysis Inversion Method 

1. GPS temp. series decomposed as sum of components. A component is 
associated to a pattern of surface displacement and a time function. 

2. Spatial displacements associated to each component are inverted to 
determine a principal slip distribution. 

3. Fault slip distribution is derived by linear combination of the principal slip 
distribution (only 2 components necessary). 

• Green function for a half space. 

• Results filtered because of noise in the GPS time series 

• No a priori on slip evolution, gap in time series not important but spatial 
smoothing important  

𝑋0 = 𝐺 ∗ (𝐿𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 + ∆𝐿) 𝑋 𝑖, 𝑗 = 𝑋0(𝑖, 𝑗) −
 𝑋0(𝑖, 𝑘)
𝑚
𝑘=1

𝑚
 

X = U. S. 𝑉𝑇 

𝑚 = 𝐺−1 𝑋0 − 𝑋 + 𝐺
−1𝑈. 𝑆. 𝑉𝑇  

Row : temp. serie of a component 
Column : data for a time period 

Slip on the fault Center matrix 

X = U. S. 𝑉𝑇 Singular values decomposition :  

Spatial eigenvector 

Temp. eigenvector 

Spatial eigenvectors decomposition and linear combination of slip:  
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∆𝝉 𝑿 = −
𝝁

𝟒𝝅
 𝟐 𝟏 − 𝒑𝟐

𝜸𝟐
𝒓𝟐
𝝏∆𝒖

𝝏𝒚
+
𝜸𝟏
𝒓𝟐
𝝏∆𝒖

𝝏𝒙
𝒅𝜮

 

𝜮
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