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What controls the localization of surface deformation during earthquakes?

 lithology, fault 
geometry, fault maturity, 
earthquake magnitude, 
rupture velocity?
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2021 Mw7.4 Maduo, Tibet

Han et al., 2024Koehler et al., 2020

2020 Mw6.5 Monte Cristo, Nevada

2023 Mw7.5 Kahramanmaraş, Turkey Reitman et al., 2023



Jin and Fialko (2021)
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  Modeling artifacts? 
Shallow afterslip? Other 
earthquakes? Bulk yielding?

How does it relate to the so called “Shallow Slip Deficit”?

Rupture model of the 2003 
Bam, Mw6.5, Iran, earthquake 

(Fialko et al., 2005)
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+ other implications such as rupture energy budget, 
fault long term strain budget, rupture arrest…



2013 Baluchistan 
surface rupture

50 m

Optical Image Correlation (OIC) 
 - principle and methodology
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Optical image correlation (OIC) measures the displacement 
between pixels of pre- and post-earthquake orthoimage
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 Benefits from the high-resolution of 
satellite optical sensors (0.3-15 m)

 No decorrelation close to the faults

 sub-pixel correlation (~1/10th of px)
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The 2021 Mw7.4 Maduo, Tibet, earthquake

Yuan et al. (2022)

Surface 
rupture map

Fault 
offsets
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Antoine et al., 
in rev. at EPSL

pre-event SPOT6/7 (1.6 m)
post-event Pleiades (0.5 m)



Localized deformation in regions of surface faulting
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localized
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Han et al., 2024

Diffuse deformation along the rupture gaps
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Only few en-echelon fractures could be mapped:
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We use profiles to measure the deformation across the rupture zone

- Localized deformation 
correlates with mapped surface 
faults 

- Off-fault deformation extends 
up to >1 km from the centrer of 
the fault zone

Antoine et al., in rev. at EPSL
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Surface displacement budget: OFD=74% of the surface deformation 

Antoine et al., in rev. at EPSL
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no surface rupture
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can inelastic deformation occur at such low strains (<0.5%)?
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Surface displacement budget: OFD=74% of the surface deformation 

Antoine et al., in rev. at EPSL

can inelastic deformation occur at such low strains (<0.5%)?

1) traces of distributed shear fractures at the surface 
2) no additional post-seismic deformation  

(afterslip <20 cm included in the diffuse deformation ;  
occurs within the bulk or at the subsurface) 

3) no detectable creep

inelastic strain threshold
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Bulk yielding is compatible with measured strain  
and geomechanical conditions, on principle

(depth-dependent 
yield strength)

Rishav Mallick (JPL-EOS) Estimate a Mohr-
Coulomb type of 
failure threshold

Antoine et al., in rev. at EPSL



We estimate the 2D 
distribution of the 
failure criterion for 
given slip distributions
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slip distribution at depth is 
given in Zhao et al. (2023)

c = 2MPa 
f = 0.85 
mu = 10 GPa

Singularity-free Boundary Element Approach 
(BEMCS, Mallick and Meade, 2024)

Antoine et al., in rev. at EPSL
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Surface deformation localizes as shallow slip increases

Antoine et al., 
in rev. at EPSL
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Surface deformation localizes as shallow slip increases

 contrary to common descriptions of increasing damage with slip 
(geological observations, numerical models)

Antoine et al., in rev. at EPSL
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Surface deformation localizes as surface slip increases

plastic yielding

damage

scale (>500 m)
scale (<500 m)
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 Can we generalize this model to earthquakes of 
different magnitudes?
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 What are the implications for the earthquake rupture process, 
fault zone structural evolution, and seismic hazard assessment?
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Antoine et al., GRL 2024



Localization of the surface deformation with earthquake magnitude

232025 Mandalay earthquake (Antoine et al., 2025)

Antoine et 
al., 2024

2020 Mw6.5 Monte Cristo, Nevada (Koehler et al., 2020)


