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I. Effect of Heterogeneities on Earthquake Statistics: (Michael 

LeBlanc,  Yehuda Ben-Zion, Karin A. Dahmen) 
 

The spatial heterogeneity of material properties along fault zones affects the statistical 

measures of seismicity patterns, such as the earthquake size distribution and inter event 

times. We have developed a model and use tools from statistical physics to tackle these 

issues analytically and with simulations. With these tools we have computed the 

distribution of earthquake sizes, as a function of the amount of spatial (brittle or 

geometrical) heterogeneities in a fault zone. We also computed the inter event times 

expected for the same model. We build on a well-established plasticity/earthquake model 

[1,2] to compute the detail-independent (universal) scaling properties of earthquake 

statistics. This model, referred to as the “BZR-model”, has been shown to correctly 

predict many aspects of earthquake statistics. It also models slip avalanches in plastically 

deformed materials in the lab [1]. A variant of this model predicts the statistics of slip 

avalanches of sheared granular materials [3]. The advantage of the model is that it is 

simple and that it can be solved analytically [1] to obtain exact results for the universal 

scaling properties of earthquakes [1]. It also provides intuition and a systematic 

understanding of the parameter dependence of the observables in the simulations, 

experiments (e.g. rock-friction or slowly sheared granular materials) and observations. In 

the model, the 3D fault zone is projected onto a computational grid. Each cell in the grid 

has its own failure stress. The brittle/geometrical heterogeneities across a fault zone are 

modeled as effective heterogeneities in the failure stresses on the fault. The width of the 

distribution of failure stresses, D, corresponds to the amount of heterogeneities in real 

faults. It is also related to the surface roughness in friction experiments, or the width of 

the particle size distribution in slowly sheared granular materials. We computed the effect 

of disorder (heterogeneities) on the earthquake statistics in a simple version of the model.  

Preprints on the work supported by this grant: 

1. Michael LeBlanc, Yehuda Ben-Zion, and Karin A. Dahmen, “Effect of Heterogeneities 

on Earthquake Statistics”, preprint in preparation. 

 

Technical Report: 

The computation of the disorder effects is straightforward when we map the simple 

discrete model onto a continuum interface depinning model. In the limit of zero 

weakening, the average slip velocity v evolves according to the stochastic equation of 

motion 

  

 - v), (1) 
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where k is an elastic coupling related to the loading stiffness of the fault, vd is the steady 

rate of relative motion of the fault,  is white noise, and D is a parameter characterizing 

the spatial disorder. This equation has also been used to describe Barkhausen noise in 

magnets [3,4]. The model predicts power law distributed avalanche distributions with a 

cutoff at a characteristic size Sc that is a function of the fault’s loading stiffness k. The 

mapping to the interface depinning problem shows that the disorder D also enters into 

this cutoff, in the form 

. (2) 

A larger amount spatial disorder corresponds to a larger earthquake magnitude cutoff of 

the power law distribution, as shown in figure 1. Characteristic type events that may 

occur for small disorder are not considered here.  

Figure 1: Tails of avalanche size distributions for several different values of the disorder 

parameter D. Increasing disorder leads to a proportionally increasing maximum size 

cutoff of the power law distribution. The data was generated by a stochastic numerical 

integration of (1). 

 

One particularly interesting prediction of the theory is that the cutoff Tc of the 

distribution of earthquake durations varies inversely with k but is independent of the 

amount of disorder (Figure 2). This feature can be used to disentangle the effects of the 

parameter k from that of the disorder. For instance, if two faults have very similar 

duration distributions, then it can be inferred that they have similar k, and the disorder 

can be estimated by comparing the cutoffs of the size distributions. These values can then 
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be compared to independent estimates based on loading stress and geometrical 

heterogeneity.  

  

Figure 2: Tails of avalanche duration distributions for several different values of the 

disorder parameter D. In contrast to the size distributions of Figure 1, there is no 

difference in the distribution cutoff Tc for different D. 
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Preprints on the work supported by this grant: 

1. Michael LeBlanc, Yehuda Ben-Zion, and Karin A. Dahmen, “Effect of Heterogeneities 

on Earthquake Statistics”, preprint in preparation. 

 



 “Effects of Heterogeneities on Earthquake Statistics” 

   

 - 4 - 

 

 

 

2. A simple probabilistic model of failure statistics in earthquake faults 

and sheared frictional media 

 
Using a probabilistic formulation of a mean field model of frictional stick-slip systems, 

such as earthquake faults, we analytically calculate the statistical properties of large 

failures for faults subject to slow, linear shear-loading or periodically perturbed linear 

shear-loading. We find that in both cases the general waiting time distribution between 

large earthquakes is a generalized exponential distribution. For the case of periodic 

loading, we also calculate the distribution of phases at which large earthquakes occur, as 

a function of loading amplitude and driving frequency. 

 

Preprints on the work supported by this grant: 

 

1. Braden A.W. Brinkman, Yehuda Ben‐Zion, Jonathan T. Uhl, Karin A. Dahmen, 

“Inter‐event times in a simple earthquake model and the Weibull Distribution.” Preprint 

2014, in preparation. 

 

 

3. Probabilities of Large Earthquakes: (Braden Brinkman, Michael 

LeBlanc, Yehuda Ben-Zion, Jonathan T. Uhl, Karin A. Dahmen). 

Based on work done in the previous SCEC cycle, we developed a simple earthquake 

model where correlations between tidal stresses and small events provide information 

about the likelihood of impending large earthquakes. The predictions agree with recent 

observations. We submitted a paper that is currently pending, that suggests new 

laboratory experiments to test the model predictions in detail. Experiments and the 

inclusion of fault-specific details into the model can provide new tools to extract 

improved probabilities of impending large earthquakes. 

 

Preprints on the work supported by this grant: 

 

1. Braden A. W. Brinkman, Michael LeBlanc, Yehuda Ben‐Zion, Jonathan T. Uhl, Karin 

A. Dahmen, “Extracting large earthquake probabilities from small-quake tidal-

correlations”. Submitted and in review at Nature Communications. 

 

2. Braden A.W. Brinkman, Yehuda Ben‐Zion, Jonathan T. Uhl, Karin A. Dahmen, 

“Inter‐event times in a simple earthquake model and the Weibull Distribution.” Preprint 

2014, in preparation. 
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Related paper important for future extensions of the work supported by this grant: 

3. Karin A. Dahmen, Yehuda Ben-Zion, and Jonathan T. Uhl, “A simple analytic theory 

for the statistics of avalanches in sheared granular materials”, Nature Physics, 7, 554-557 

(2011). 

 

 

Technical Report: 

In order to gain a physical intuition for the basic mechanism of earthquake triggering, we 

construct a minimal probabilistic earthquake model from a successful model of 

earthquakes and plasticity [1, 2, 3, 4, 5, 6]. We use the model to compute probabilities of 

large earthquakes from correlations between the timings of small earthquakes and 

periodic fault stresses, such as tidal or seasonally varying loadings  [7, 8, 9]. Despite the 

simplicity of the model, we find good agreement with the observed trends of correlations 

of real earthquake data with tidal stresses.   

The viability of using tidal correlations as a predictive measure for earthquakes 

has been controversial, as only 1% of the earthquakes seem to correlate significantly with 

tides [9, 10]. It is estimated that tens or hundreds of thousands of earthquakes must be 

analyzed to detect significant correlations with tides [10, 11, 12]. Detecting significant 

correlations between small earthquakes and periodic stresses may be feasible on time 

scales relevant to hazard prevention. (Small quakes generally increase in number as the 

stress on a fault increases [13, 14]. However, the exact behavior of how seismic activity 

increases can be complicated, and often precludes prediction based on number of events 

alone [1, 15, 16, 17]). 

Indeed, several recent analyses have detected significant correlations between the 

occurrence of small seismic or volcanic events and periodic stresses, such as tidal stresses 

[7, 8, 18, 19, 20] and seasonal stresses [21, 22]. Tanaka’s analysis of observational data   

([18, 19]) suggests that correlations between small seismic events and tidal stresses 

increased just prior to large earthquakes observed in Indonesia and Japan. However, there 

is limited other evidence for increases in correlations of tidal or seasonal triggering of 

small earthquakes prior to large earthquakes. Laboratory experiments on sheared rocks 

for example have mostly focused on correlations of oscillatory stresses with large stick-

slip events (analogous to large characteristic earthquakes).  
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Our simple model predicts tidal/seasonal-small-quake-correlations preceding 

large earthquakes. The model allows us to evaluate the effectiveness of such correlations 

as indicators of future large quakes.  

We use the model to (1) determine the essential features of earthquake faults and 

small earthquake statistics that lead to correlation patterns like those observed by Tanaka, 

(2) estimate the probability of impending large earthquakes from the measured 

correlations, and (3) derive the key quantities to be measured in future laboratory 

experiments in order to test the model predictions (manuscript in review.) 
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