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2010 Cucapah-El Mayor 
earthquake 

Earthquakes are result of rock failure 

-  Slip on faults in an 
otherwise elastic crust 

-  Improved observations 
warrant more sophisticated 
physics-based models 

-  Some of the assumptions 
behind commonly used 
models are known to be 
wrong 



Poliakov, Dmowska, Rice (2002)"

Poliakov et al., 2002 
Rice, 2005 

… failure is not confined to a fault plane 



Fault damage zones 
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Figure 3. Comparison between ground velocities recorded at stations G06 and GO7 from the Morgan Hill (MH) and Loma Prieta 
(LP) earthquakes. The horizontal bracket indicates the probable amplified S wave pulse on G06 not seen at G07 in the Morgan Hill 
earthquake. a) Fault-perpendicular velocity. b) Vertical velocity. c) Fault-parallel velocity. 

source because the former required us to develop a smaller 
3D crustal model. The receivers were located on a perpen- 
dicular line that crossed the fault 9.3 km southeast of the 
epicenter. Two conclusions can be drawn from these simu- 
lations. First, the dominant periods of the synthetic waves 
amplified by the LVZ of Figure 4a are about 1.0-1.5 s, sim- 
ilar to the Morgan Hill data, and longer than the periods 
in the point source simulations (not shown). This shows 
that the dominant periods observed in the Morgan Hill data 
(Figure 3) are probably a source effect rather than a path 
effect. Second, the simulations show that regardless of the 
value of Qs, the width of the zone of amplified motion is 
about 1.5-2.0 km, which is consistent with the observation 

of amplification at G06, located 1.2 km from the Calaveras 
fault. 

Implications for Ground Motion 
Hazards near Faults 

Clearly FZGWs can amplify 2-5 Hz ground motions 
within about 200 m of faults, and they should be considered 
a mappable seismic hazard. In addition, our work shows 
that LVZ-induced amplification of direct S waves can ele- 
vate hazard within I km of some faults. This suggests that 
perhaps some sort of special zone should be defined around 
active faults in which amplified ground motions might be 
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Figure 4. Synthetic ground velocities in a simplified model of the Calaveras fault and Santa Clara Valley. Horizontal axis is 
distance perpendicular to the surface trace of the fault. a) Vertical cross section of Vs. Heavy dashed line is the location of the Liu 
and Helmberger source. Star is the main shock hypocenter. b) Fault-normal ground velocity for the low Qs model. c) Fault-normal 
ground velocity for the infinite Qs model. 
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Cochran et al., 2009 

Chester et al., 1993 

Pulverized rocks, 
SAF 

Dor et al., 2006 
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Figure 2. Shear modulus computed from the SCEC regional velocity model CVM-H 6.3

[Suess and Shaw , 2003; Plesch et al., 2009], with relocated seismicity (black dots) [Lin

et al., 2007] and geometry of locked faults in our preferred model (black lines).
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Figure 3. Best-fitting model predictions compared to the geodetic data: (a) Simple ge-

ometry, homogeneous domain. (b) Simple geometry, heterogeneous domain. (c) Proposed

fault geometry includes active CF and dipping SAF, model shown is in a homogeneous

domain. (d) Inferred locking depths compared to seismicity [Lin et al., 2007]. Elsinore

fault (EF) is fixed at 15 km depth and 3 mm/yr slip rate in all models.

Lindsey & Fialko 2013 
 

Southern San Andreas Fault 
 

UCERF3: residual “off-fault” moment distribution 
 

Interseismic deformation: 
what are the “geodetic 
slip rates”? 

Up to 30% of  
strain accumulation 
is unaccounted by slip 
on known faults 



Shallow slip deficit? 

M7.3 1992 Landers 

M7.1 1999 Hector Mine 

M7.2 2010 Cucapah-El Mayor 



1398 Y. Kaneko and Y. Fialko

Figure 8. (a) The profiles of coseismic displacement on the Earth surface for the elastic simulation, an elasto-plastic simulation (with µ = 0.98, c = 0 MPa),
an elastic prediction for the simulated slip distribution shown in panel b, and the best-fitting model to the elasto-plastic response in the inversion. The inversions
and forward predictions are done using the analytical solution (6). (b) The slip distribution in the elasto-plastic simulation and slip inversions of the surface
displacements shown in panel a. The blue curve is the inverted slip of the surface displacement of the elastic prediction. The red curve is the inverted slip of
the surface displacement of the simulated elasto-plastic response. (c) Difference between the inverted slip distributions shown in panel b. The difference shows
that 10 per cent (0.5 m) of the coseismic slip at 3–4 km depths is due to an artefact of the inversion that is based on the elastic model.

inelastic effects may give rise to an overestimation of the shallow
slip by as much as 10 per cent of the maximum coseismic slip at
depth. In addition, inversions neglecting off-fault yielding tend to
underestimate slip at the greater depths by as much as 20 per cent
(Fig. 8c). The difference indicates that there would be an ‘artificial
deficit’ in inversions that are based on a purely elastic model, if off-
fault plastic yielding commonly occurs during large earthquakes.
Our results motivate reinterpretation of existing data using forward
models that explicitly include inelastic deformation in the near field
of earthquake ruptures.

6 D I S C U S S I O N

In all the cases we have considered, the amount of ‘true’ shallow slip
deficit due to coseismic inelastic off-fault deformation is, at most,
of the order of 15 per cent (Section 4). An additional 10 per cent of
‘artificial deficit’ can be introduced in inversions of geodetic data
that are based on purely elastic models due to reduction of near-
field coseismic strain by off-fault yielding (Section 5). The largest
magnitude of the slip deficit in our models (with a cohesionless
material and large internal rock friction) combined with the bias

in inversions gives shallow slip deficit of up to 25 per cent, which
may be insufficient to explain 30–60 per cent deficit deduced from
observations (Fig. 1). We discuss factors that are not included in
our model but could be relevant for the remaining discrepancy
(Sections 6.1–6.4). We also discuss the potential consequence of
shallow slip deficit over a geologic timescale (Section 6.5).

6.1 Shallow interseismic fault creep below detection limit

For faults with low slip rates and large recurrence intervals such
as those represented in Fig. 1, unresolvable shallow creep during
the interseismic period may account for some of the inferred slip
deficit. Since most geodetic measurements span only a few decays,
interseismic creep rates smaller than ∼0.1 mm yr−1 may be unre-
solvable. One can estimate the contribution of potential interseismic
creep to the overall slip budget. If we assume the fault slip rate of
1 mm yr−1, the recurrence interval of ∼5000 years, and the surface
creep rate of ∼0.1 mm yr−1, the total shallow creep during the in-
terseismic period is 0.5 m, accounting for up to ∼10 per cent of the
average coseismic slip (Fig. 1). While this effect alone is insufficient
to explain the inferred coseismic slip deficit, the occurrence of such

C⃝ 2011 The Authors, GJI, 186, 1389–1403
Geophysical Journal International C⃝ 2011 RAS

Kaneko and Fialko, 2011 

Effect of coseismic damage on finite slip inversions 



-  How does off-fault yielding affect nucleation,         
propagation, and arrest of earthquake 
ruptures? 

-  What are the relations between the degree of 
damage and the effective mechanical 
properties of the fault zone material? 

-  How do damage zones evolve with increasing 
cumulative fault slip? 

-  How much do the fault zone properties vary 
throughout the earthquake cycle? How fast 
and efficient is the fault zone healing?  

Research questions for the SCEC5 
science plan: 



-  How much permanent strain do we see in the 
crust off of (known) faults? 

-  What are the relations between deep ductile 
fault roots and faults in the seismogenic 
layer?  

-  What is the degree of strain localization 
during seismic slip and interseismic 
deformation?  

-  How does off-fault yielding vary with 
cumulative offset (mature vs immature 
faults)?  

Research questions for the SCEC5 
science plan: 



-  How does off-fault yielding affect nucleation,         
propagation, and arrest of earthquake ruptures? 

-  What are the relations between the degree of 
damage and the effective mechanical properties of 
the fault zone material? 

-  How do damage zones evolve with increasing 
cumulative fault slip? 

-  How much do the fault zone properties vary 
throughout the earthquake cycle? How fast and 
efficient is the fault zone healing? 

-   How much permanent strain do we see in the crust 
off of (known) faults? 

-  What are the relations between deep ductile fault 
roots and faults in the seismogenic layer?  

-  What is the degree of strain localization during 
seismic slip and interseismic deformation?  

-  How does off-fault yielding vary with cumulative 
offset (mature vs immature faults)?  
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Fault damage zones 

Lindsey et al., 2014 



Southern San Andreas: localized vs distributed surface creep 

Lindsey et al., 
in review 

Red: creepmeter 
Black: InSAR 



Scholz, 1988; 2002 

Architecture of fault damage zones 



Scholz, 1988; 2002 

Architecture of fault damage zones 

shaken, not stirred 





distribution of plastic strain"



Vidale & Li, 2003 

Hearn & Fialko, 2009 

Time-dependent damage and healing 



Relating macroscopic properties to 
micromechanics 

 

Hamiel and Fialko, 2007 






