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Introduction 
Laboratory and field observations suggest that strengthening behavior is predominant 

during early deformation stages of fault evolution, leading to power-law-like Gutenberg 
Richter (GR) statistics, whereas localized, mature faults exhibit effective weakening 
mechanisms, and characteristic-like large events (CE) dominate the seismic response. A 
number of numerical studies with a variety of model implementations investigated parameter 
settings producing frequency-size statistics that correspond to the two end-member cases 
(GR-CE). Almost exclusively, the governing parameters in these studies are kept constant 
during single experiments. 

However, observations of material properties that control the stability of faults made in 
laboratory, field and numerical experiments spanning a wide range of space and time scales 
suggest a progressive evolution of these properties with (cumulative) offset, sliding velocity, 
or strain. These weakening mechanisms are counterbalanced by a variety of healing and 
restrengthening mechanisms, crucially depending on hydromechanical, -chemical and -
thermal crustal processes, which are usually hard to constrain. 

To explore the implications of these feedback mechanisms on seismicity evolution we 
implement laboratory derived expressions for competing wear- and healing processes in a 
numerically efficient 1D Burridge-Knopoff type nearest neighbor model. The parameter 
subject to evolution is the linear slip weakening rate, which has been found to be an efficient 
tuning parameter. Our numerical simulations demonstrate that for a wide range of weakening 
and strengthening amplitudes the system never reaches a statistically steady state. This is 
expressed by time dependent measurements of the internal energy or stress levels, as well as 
temporal fluctuations in frequency-size statistics. The results suggest that an extrapolation to 
future seismicity occurrence on the basis of available, temporally limited, seismicity data may 
be misleading considering significant fluctuations due to competing feedback mechanisms. 

Description of Work 
Basic Properties of the Model The frictional response of the slider blocks is controlled 

by a slip weakening law, parameterized by the dynamic frictional sliding level fs and the 
weakening rate R. First, we systematically vary these two parameters to map out the 
corresponding responses associated with time-invariant, hence constant parameter pairs. We 
find that the response statistics are sensitive to the weakening rate, but depend only weakly on 
the frictional sliding level. In particular, small values of R result in frequency-size (FS) 
statistics that show a power-law scaling for small and medium sized events, with an 
exponential tail associated with the suppression of large, delocalized events. We measure a 
relatively high level of the internal energy or stress E in these systems, together with very 
small variations e from the mean value. Large values of R allow delocalized events to develop 
more easily, and the corresponding FS statistics are dominated by a population of large 
events, offset from the power-law scaling small scale seismicity. The E-level is significantly 
lower compared to the small-R cases, with larger fluctuations e associated with the 
intermittent occurrence of large cascading instabilities. These results are compatible with the 
generalized observation that disordered strengthening regimes are characterized by 
Gutenberg-Richter statistics, while regularized weakening regimes efficiently release strain 
energy in large earthquakes.  

 



Implementation of Weakening and Healing Mechanisms We continue to use R as the 
governing variable that controls the system's response most effectively, and keep all other 
parameters constant. We use laboratory-derived expressions for weakening and healing 
processes, according to which R evolves (Figure 1). Wang & Scholz [1994] found relations 
for the dependence of wear loss of frictional surfaces as a function of displacement. Although 
the accumulation of wear material and the subsequent thickening of gouge gives rise to 
additional complexities, we adopted their functional dependence as a proxy for material and 
fault weakening processes. It shows a strong initial effect followed by a more gradual 
evolution, and we focus on the variation of parameters that control the initial stage of the 
weakening process. We adopt a generally accepted expression for the logarithmic time 
dependence of healing processes. However, following Nakatani & Scholz [2006], we 
systematically change values for the healing rate b and the cutoff time tc, up to which no 
significant increase in state or strength is observed. It has been shown that variances in b and 
tc reflect different hydrothermal properties at mid crustal depths, and vary significantly from 
values obtained for dry surfaces at room temperature.  
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1 (Left) Scaled weakening evolution of the tuning parameter R, the slip weakening rate. R is 
allowed to range between 0.5 and 2, and R=1 marks the approximate transition between GR and CE 
type system behavior. Do=1 is the slip associated with one large event. (Right) Healing increments as 
a function of th, the time since the last slip. Different values of the healing rate b and the cutoff time tc 
control the evolution of a system in tandem with a specific weakening parameterization shown on the 
left. 
 

Results We test a given weakening evolution in combination with different healing 
functions, and repeat this strategy for a variety of weakening parameterizations. Figure 2 
shows typical response functions, using the black weakening function in Figure 1, a constant 
healing rate of b=0.01, and five different cutoff times. We emphasize that qualitatively similar 
results have also been obtained with numerous other parameter constellations of the 
weakening process, b and tc, respectively.  

Relatively small cutoff times allow an immediate restrengthening, thus locking the system 
in the strengthening regime characterized by small e and large E values, leading nevertheless 
to intermittent deviations from the unperturbed state. On the other extreme, relatively large 
cutoff times result in a rapid transition to the weakening regime (large e, small E), from which 
the system cannot recover because of inefficient restrengthening. Intermediate tc values, 



however, cause the system to fluctuate between the two limiting cases. That is, the system's 
energy as well as the produced seismicity distributions never settle into a statistically steady 
state. Note that while this is most obvious for intermediate tc values, the same conclusion 
holds for the limiting cases of small and large values shown here. Trivially, more extreme 
parameter choices will suppress any transients, thus resembling non-evolutionary systems.  

 
Figure 2 (Top) 
Evolution of the 
average internal 
energy or stress E as 
a function of time 
(one unit t* 
corresponds to 
about one large 
earthquake cycle). 
The cases show the 
response to the 

weakening 
parameterized by 
the black line in 
Figure 1, the 
healing rate b=0.01, 

and five different cutoff times tc (in scaled seconds), respectively. (Center) Corresponding evolution 
of the energy variation e at each instance. (Bottom) Temporally averaged E. The small dots and circles 
represent average values in time intervals of length dt=0.1 and 0.5, respectively, with an overlap of 
dt/2.  
 

Figure 3 displays the discussed nonstationarity in a phase diagram of the temporally 
averaged quantities E and e. The four large circles represent the location in the phase space of 
nonevolving systems with constant R values. Except for the case of the largest cutoff time, all 
systems show significant motion between subsequent time windows, where trajectories 
towards the weakening limit are intermittently reversed, thus indicating periods of effective 
restrengthening.  

An examination of FS statistics of temporally limited subcatalogs reveals occasionally 
significant differences between subsequent seismicity patterns, where the frequency of 
occurrence of largest event can differ by an order of magnitude. We note that specific results 
are sensitive to the choice of the subcatalog's interval covered, but the trends are persistent for 
a wide range of values.  

We conclude that competing weakening and strengthening feedback mechanisms 
significantly control a system's evolution. Neglecting extreme cases of effectively static 
systems, we have shown that a statistically steady state is very unlikely to be obtained. This 
has strong implications on extrapolations of past and recent seismicity patterns to expectations 
of future seismic behavior. If feedback mechanisms actually dominate over timescales of the 
order of one seismic cycle or shorter, then the predictive power of extrapolations is severely 
limited.  
 
 



 
 
Figure 3 System trajectories in a phase space of 
temporally averaged measurements of E and e. Here, 
dt=0.5 as in Figure 2, but the results are qualitatively 
similar for a wide range of dt values. Motion along the 
trajectories corresponds to the relative dominance of 
weakening (counterclockwise) and strengthening 
(clockwise) mechanisms, respectively. Colors as in Figure 
2. The four circles illustrate the loci of systems with 
stationary R (R=[2, 1.25, 1, 0.5] from left to right).  
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