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• Co-seismic slip at the surface is generally lower than slip at depth: 

- Surface slip measured in the field is less geodetically inferred slip 

at depth 

- Inversions of INSAR and GPS data yield more slip at 4—5 km 

depth than at surface

Fialko et al. (2005) 

Kaneko & Fialko (2011)
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• Explanations for this Shallow Slip 

Deficit: 

- Interseismic fault creep
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- Distributed off-fault deformation

• Explanations for this Shallow Slip 

Deficit: 

- Interseismic fault creep

Shallow Slip Deficit and Surface Deformation

M 7.7 Balochistan earthquake 

(Zinke et al., 2014)



• 2D dynamic rupture simulations with 

plasticity (Kaneko & Fialko, 2011) 

predict a Shallow Slip Deficit (SSD) of 

up to 15% 

• SSD proportional to inelastic 

deformation 

• 2—4 times lower than observed SSD

Scope 

• Perform 3D nonlinear dynamic rupture 

simulations for observed earthquake with 

documented SSD 

• Sensitivity of SSD to rock strength 

• Compare simulated deformation patterns 

with observations from Kaneko & Fialko (2011)

Shallow Slip Deficit and Surface Deformation



Dynamic Rupture Simulation of M 7.3 Landers Earthquake
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• AWP-ODC staggered-grid split-node finite difference code (Dalguer & 

Day, 2007) using slip-weakening fault friction 

• 2D model was extracted along Landers fault trace (CVM-S4.26+GTL), 

extended to 3D 

• Drucker-Prager yield condition used to model inelastic off-fault 

deformation
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• AWP-ODC staggered-grid split-node finite difference code (Dalguer & 

Day, 2007) using slip-weakening fault friction 

• 2D model was extracted along Landers fault trace (CVM-S4.26+GTL), 

extended to 3D 

• Drucker-Prager yield condition used to model inelastic off-fault 

deformation
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Source Models of 1992 M 7.3 Landers Earthquake

706 B.P. Cohee and G. C. Beroza 

the multiple time-window method shows better agree- 

ment with the other estimates, our resolution tests sug- 

gests that this method overestimates the moment re- 

quired to fit the data seismograms. The variability of 

seismic moment with data type is often attributed to vari- 

able bandwidth. In this interpretation, our underpredic- 

tion of the moment results from the limited long-period 

response of the data. However, a test of this using the 

TERRAscope data (to 50 sec) results in a model with 

approximately the same moment. It therefore appears that 

the single window method does not model all of the sig- 

nal in the data. The multiple window method does model 

more of the signal, but it is not clear that a more accurate 

rupture model is obtained. 

The fit to observed seismograms is shown in Figure 

11 for both the single time-window model (Fig. 10b) and 

the equivalent (surface-slip constrained) solution using 

the three time-window method. The data are the black 

solid lines and the model seismograms are plotted as 

a) without surface slip constraint 

. . . . . . .  model ~ observed 

' / "  

70 65 60 55 50 45 40 35 30 25 20 15 t0  5 

b) with surface slip constraint 

. . . . . . .  model ~ observed 

F 
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6 5 4 3 2 1 0 

fight-lateral slip (m) 

Figure 10. Preferred slip models using a 2.5- 
km/sec constant rupture velocity with and with- 
out the surface-slip boundary condition applied. 
Above each slip model is the comparison between 
the prediction (model) and the mapped slip. Note 
that the overall amplitude of the predicted slip is 
in good agreement with the observed surface slip. 
The grayscale bar and the 1-m contours indicate 
displacement on the fault surface. (a) Slip model 
without surface-slip constraint: Seismogram vari- 
ance reduction is 26.7%. (b) Slip model with sur- 
face-slip constraint. Seismogram variance reduc- 
tion is 25.5%. 

dashed (single window) and gray (three windows) lines 

for the three components of motion at each station. No- 

tice that the multiple time-window method fits the data 

only marginally better than the single time-window method 

(31 versus 25.5%). Both data and model seismograms 

are plotted at the same scale and the amplitude is nor- 

malized to the largest seismogram peak. The variance 

reduction is listed at the right of each seismogram for 

the single window result. Because each station holds equal 

weight and each component is weighted in proportion to 

its power, the largest-amplitude horizontal components 

show the largest variance reduction. 

Most of the seismograms are fit well, including the 

absolute amplitudes, which vary from 0.7 to 28.1 cm in 

peak amplitude (see Fig. 2a). Some of the stations close 

to the epicenter (FHS, MVH) are slightly misaligned, 

suggesting that the mainshock may initiate in a slightly 

different location than the foreshock, or that there are 

strong velocity variations not accounted for in the 1D 

velocity model. 

Rupture Front Propagation 

We use our best-fitting slip model with an average 

rupture velocity of 2.5 km/sec (Figs. 10b and 12a) as 

the initial model in a linearized inversion (equation 2) to 

estimate perturbations to the average rupture time. As 

shown earlier in Figure 8, when a different rupture ve- 

locity is used, a different slip model results, demonstrat- 

ing a strong trade-off between slip amplitude and rupture 

time (Spudich and Frazer, 1984). Simultaneous esti- 

mation of rupture time and slip amplitude with sufficient 

data should be able to resolve this trade-off; however, 

without an a priori  model covariance matrix, it is not 

clear how to weight the two types of unknowns. 

Previous investigators have invoked a weighting that 

results in perturbations to these parameters that are deemed 

reasonable (e.g., Beroza and Spudich, 1988). An alter- 

native method is to allow the rupture time to vary by 

letting each fault element slip several times in adjacent 

time windows (equation 1 with multiple time windows; 

see Olson and Apsel, 1982). As discussed earlier, this 

approach suffers the disadvantage of requiring a large 

increase in the model dimension. Regardless of the ap- 

proach used, recovering the time-dependent behavior of 

the rupture is difficult for the Landers earthquake be- 

cause the large source-receiver distances necessitate us- 

ing longer-period waveforms dominated by regional sur- 

face waves rather than body waves. 

With the single time-window approach, we separate 

the inversion for slip amplitude (equation 1) and rupture 

time (equation 2) to avoid the problem of relative 

weighting. The result of the linearized inversion for rup- 

ture time is shown in Figure 12b. We have experimented 

with many permutations to assess the effect of using other 

slip models and variable smoothing on the solution. The 

model shown in Figure 12b produced the largest vari- 

Xu et al. (2016)

Freymueller  

et al. (1994)
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Figure 12. Cross section of the strike-slip distribution deterned from GPS and S• combined least 
squees inversion. The first map shows the slip distribution obtained with a 5-• co.elation length. The next 
two images represent the spatial resolution in percent and the e•or estimation on the p•ameters, respectively. 
•e slip amplitude is comp•ed with surface measurements made on the field by geologists in the last •aph. 
Histo•a• showing count as a function of the residual difference between observed (S• and GPS data) and 
simulated v•ues. 

velocity, while in regions where the prestress is far from yield 
stress, the rupture velocity is slower. By analogy with Day's 
model, we can infer that the prestress on large slip areas was 
near its critical level before the main event. Strong variations 
of the rupture velocity are also obtained by Olsen et al. [ 1997] 
in their dynamic study of the Landers earthquake. From this 

forward modeling, they conclude that subsonic rupture 
velocities generally occur within and near the low-stress areas 

of the fault, whereas the supersonic ones dominate where the 

rupture resistance is relatively low. They explained the 
shallow supersonic rupture velocities by the free surface 
which promotes the generation of S to P converted head 

Table 2. Kinematic Inversion. Data Fit Using Different 
Starting Values for the Temporal Parameters. 

Starting Velocity of the Initial Rise Time on Variance Reduction, 
Rupture Front, km/s Each Subfault, s % 

2.5 3 70.3 

3.0 3 71.1 

3.5 3 69.8 

3.0 2 69.5 

3.0 4 70.6 

3.0 5 69.3 

Cohee & Beroza (1994)

Hernandez et al. (1999)
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squees inversion. The first map shows the slip distribution obtained with a 5-• co.elation length. The next 
two images represent the spatial resolution in percent and the e•or estimation on the p•ameters, respectively. 
•e slip amplitude is comp•ed with surface measurements made on the field by geologists in the last •aph. 
Histo•a• showing count as a function of the residual difference between observed (S• and GPS data) and 
simulated v•ues. 

velocity, while in regions where the prestress is far from yield 
stress, the rupture velocity is slower. By analogy with Day's 
model, we can infer that the prestress on large slip areas was 
near its critical level before the main event. Strong variations 
of the rupture velocity are also obtained by Olsen et al. [ 1997] 
in their dynamic study of the Landers earthquake. From this 

forward modeling, they conclude that subsonic rupture 
velocities generally occur within and near the low-stress areas 

of the fault, whereas the supersonic ones dominate where the 
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shallow supersonic rupture velocities by the free surface 
which promotes the generation of S to P converted head 
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Dynamic Rupture Models
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How to Define Rock Strength in Dynamic Rupture Simulations?
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Hoek Brown failure criterion for fractured rock 

• Accounts for reduction of shear strength caused by 

presence of joints 

• Uses Geological Strength Index (GSI) to describe 

degree of fracturing

How to Define Rock Strength in Dynamic Rupture Simulations?



Scale dependence of rock strength 

 (Wyllie & Mah, 2005)

Hoek Brown failure criterion for fractured rock 

• Accounts for reduction of shear strength caused by 

presence of joints 

• Uses Geological Strength Index (GSI) to describe 

degree of fracturing

How to Define Rock Strength in Dynamic Rupture Simulations?

GSI=75 GSI=50 GSI=30

blocky disintegrated deformed, 

folded

GSI=63

very blocky 

Very Good Good Average Poor



mi = Hoek-Brown parameter;  σci = unconfined compressive strength 

Definition of Four Rock Strength Models

Low-velocity zone (LVZ) around fault: 

•Inner damage zone: 450 m wide, 4 km deep 

•Outer damage zone: 1,5 km wide, 6 km deep 

•GSI=100 outside LVZ and below 1 km depth 

•Inside LVZ GSI represents pre-fractured rock
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Effect of Plasticity on Shear Zone Width

Average of simulated displacement 

(rupture model C)
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Quantifying Off-fault Deformation (OFD)

Observed off-fault deformation (Milliner et al., 2015):

Main fault  

strand field  

displacement

COSI-Corr 

displacement



Quantifying Off-fault Deformation (OFD)

Observed off-fault deformation (Milliner et al., 2015):

Main fault  

strand field  

displacement

Simulated off-fault deformation:

COSI-Corr 

displacement

Total 

displacement

Split node 

displacement



Distribution of Off-fault Deformation



Distribution of Off-fault Deformation



Distribution of Off-fault Deformation



Distribution of Off-fault Deformation



Distribution of Off-fault Deformation



Distribution of Off-fault Deformation



Distribution of Off-fault Deformation



Summary

•3D dynamic rupture simulations of 

the M 7.3 Landers earthquake 

underpredict SSD and OFD in the 

linear case.   

•However, nonlinear simulations for 

good quality rock reproduce both 

the inferred SSD of 30—60% and 

the observed OFD of 46 ± 10%. 

•Fault zone plasticity is needed to 

generate dynamic rupture 

simulations that are consistent with 

observations
Roten et al.,  GRL, 2017


