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1. Summary of the results 

 A number of observations suggest (section 3) that well-developed, mature faults such as the San 
Andreas Fault (SAF) are generally “weak,” i.e. operate at low overall levels of shear stress in comparison 
with what would be expected from Byerlee’s law and numerous laboratory experiments on quasi-static or 
low-slip-rate friction (e.g., Byerlee, 1978; Dieterich, 1979, 1981; Tullis and Weeks, 1986; Blanpied et al., 
1991, 1995; Marone, 1998; Wibberley et al., 2008 and references therein). If typical low-slip-rate friction 
coefficients of 0.6-0.8 are multiplied by overburden minus hydrostatic pore pressure, ~150 MPa at the 
representative seismic depth of 8 km, one obtains shear strength values of ~100 MPa. Faults that operate 
at much lower levels of stress (~10-20 MPa) are called “weak” and their strength is called “low.”  
 We have been simulating sequences of earthquakes and aseismic slip in different models for “weak” 
mature faults, aiming to determine which friction and other fault properties in such models are compatible 
with a range of available observations such as static stress drops of 1-10 MPa, the observed variations of 
the breakdown energy and radiated energy with the seismic moment, and the absence of wholesale 
melting in shear zones. Our goal is to establish which among the acceptable models have behaviors 
specific to the SAF, including seismic quiescence between large events for some SAF segments and 
paleoseismic data. We have developed methodology for computing seismological parameters such as 
average static stress drop, average shear-heating stress, breakdown energy, and radiation energy based on 
our simulations (Noda and Lapusta, 2012; Noda et al., 2013; Lin and Lapusta, 2018; Perry et al., 2020; 
Lambert et al., 2021a), both (i) directly from the simulated earthquake sources and (ii) indirectly from 
other observables as done for natural earthquakes (e.g., Kanamori and Brodsky, 2004; Rice, 2006; Viesca 
and Garagash, 2015; Ye et al., 2016a-c).  
 With past SCEC support (prior to the funding year 2020-2021), we have identified two types of 
models that can reproduce magnitude-independent stress drops with typical values between 1–10 MPa 
(Lambert et al., 2021a): (I) Fault models with chronic fluid overpressure and mild to moderate enhanced 
dynamic weakening (chronically weak faults) that produce crack-like ruptures or relatively broad pulse-
like ruptures and (II) models with near-hydrostatic interseismic pore pressure but more efficient dynamic 
weakening (quasi-statically strong/dynamically weak faults) that produce sharp self-healing pulses. We 
find that the two types of models can be distinguished based on the radiated energy per seismic moment 
of the resulting earthquake ruptures (which is proportional to the apparent stress). Models of type (I) 
result in the radiated energy per moment comparable to teleseismic estimates from large megathrust 
earthquakes (e.g., Ye et al., 2016 a-c), while models of type (II) produce radiated energy per moment 
which is much larger than typical teleseismic estimates for large megathrust earthquakes, yet potentially 
comparable to limited regional estimates from large crustal earthquakes (Figure 1; Bolt, 1986; 
Abercombie and Rice, 2005; Choy and Boatwright, 2009; Yoo et al., 2010; Kanamori and Ross, 2019; 
Kanamori et al., 2020; Lambert et al., 2021a). The difference in radiated energy results from different 
average local shear stress vs. slip behavior: crack-like ruptures exhibit mild overshoot while increasingly 
sharper self-healing pulses exhibit increasingly significant undershoot, and hence larger dynamic stress 
drop, which can be comparable to, or even much larger than, the static stress drop. 
 If the seismological estimates of radiated energy are reliable, then our findings suggest important 
differences between physical conditions that govern large earthquake ruptures on megathrust vs. mature 
continental faults such as SAF, with megathrusts operating under chronic fluid overpressure and relatively 
mild dynamic weakening, while continental faults having no to much less chronic overpressure but 
experiencing pronounced dynamic weakening. The resulting preferred rupture modes would then also be 
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different, with large megathrust earthquakes propagating as crack-like to mild pulse-like ruptures, while 
large crustal earthquakes propagating as sharper self-healing pulses. 
  With the 2020-2021 SCEC support, we have verified our findings from 2D models with 1D faults in 
simulations of 3D models with 2D faults (Figure 1). We have also been the 3D models to study how fault 
geometry and heterogeneity combines with enhanced co-seismic weakening and chronic fluid 
overpressure to produce crack-like ruptures, geometric pulses, self-healing pulses, and rupture modes in 
between. Our results indicate that geometric pulses - that result from healing due to finite seismogenic 
depth (a geometric effect) of what otherwise would be a crack-like rupture - have radiated energy per 
moment much closer to crack-like ruptures than to sharply self-healing pulse-like ruptures (Figure 1). We 
have also been working to produce synthetic seismograms from our 3D models in order to compare 
estimates of radiated energy using seismological techniques with those directly obtained in our models.  
 Both chronically weak faults and quasi-statically strong/dynamically weak faults can operate under 
low shear stress and with low heat generation; however, they result in substantially different relations 
between the shear stress required for rupture nucleation and the average stress conditions over larger fault 
areas. Our models show that larger ruptures propagate over increasingly under-stressed areas due to 
dynamic stress concentration, and result in progressively lower average prestress over the entire rupture 
compared to that for nucleation (Figure 2; Lambert et al., 2021b). The effect is more significant in models 
with more efficient weakening. As a result, fault models with more efficient weakening produce fewer 
small events and result in systematically lower b-values of the frequency-magnitude event distributions 
(Figure 3). Importantly, if mature crustal faults are indeed susceptible to substantial coseismic weakening, 
then they may have reduced complexity of earthquake sequences, all the way to quasi-periodic large 
events with seismic quiescence in between (e.g., Jiang and Lapusta, 2016), with important implications 
for early warning.  
 
2. Relevance of the project goals to the objectives of SCEC 
Our project addresses the following SCEC Research Priorities:  
P1.c. Constrain how absolute stress and stressing rate vary laterally and with depth on faults 
P3.c Assess how shear resistance and energy dissipation depend on the maturity of the fault system 
P1.d Quantify stress heterogeneity on faults at different spatial scales 
P5.a. Develop earthquake simulators that encode the current understanding of earthquake predictability. 
Our study will determine which models of low-stresses faults are consistent with basic observations and 
hence put constraints on the absolute levels of both shear and effective normal stress at all depths, 
contributing to priority P1.c. Our efforts towards studying the seismological observables and energy 
budget for all our simulated events will contribute to P3.c. We will study which levels of roughness-
motivated heterogeneity on faults is consistent with seismic quiescence observed for several SAF 
segments, thus contributing to priority P1.d. We will also contribute to P1.d by quantifying the resulting 
variability of stress before large events. Our goal to produce models of low-stressed SAF segments 
consistent with basic observations will help towards developing realistic earthquake simulators with 
predictive power, as in P5.a. The proposed modeling significantly contributes to a number of research 
priorities of FARM, including “Constrain how absolute stress, fault strength and rheology vary with depth 
on faults,” and “Determine how seismic and aseismic deformation processes interact.” Confirming that 
“weak” fault models with low shear stress values are compatible with available observations will 
contribute to the Community Stress Model. 
 
3. Evidence for “weak” mature faults and two classes of models 
The outflow of heat observed for SAF and other mature faults implies that shear stresses acting during 
sliding are of the order of 10 MPa or less (e.g., Brune et al., 1969; Henyey and Wassenburg, 1971; 
Lachenbruch and Sass, 1973, Lachenbruch, 1980, Nankali, 2011). Analyses of the fault core obtained by 
drilling through shallow parts of faults that have experienced major recent events, including the great 
2011 Mw 9.0 Tohoku-Oki event, point to co-seismic friction coefficients as low as ~0.1 (e.g., Tanikawa 
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and Shimamoto, 2009; Fulton et al., 2013). Low values for shear stresses acting on major faults including 
SAF are also supported by the inferences of steep angles between the principal stress direction and fault 
trace (e.g., Townend and Zoback, 2004; Zoback et al, 2007), significant rotations of principal stress 
directions due to stress drop in earthquakes as judged by the focal mechanisms of microseismicity (e.g., 
Wesson and Boyd, 2007), geometry of thrust-belt wedges (e.g., Suppe, 2007), and scarcity of 
pseudotachylytes, the products of solidifying rock melts (e.g., Sibson, 1975; Rice, 2006). 
 Two classes of models can explain earthquake occurrence under low shear stress. (I) The faults are 
chronically weak, due to either low friction coefficients, or low effective normal stress (fluid 
overpressure), or both. Such models are supported by low quasi-static friction coefficients for some 
minerals in the lab (although most of them are also rate-strengthening) and observations of fluid 
overpressure (e.g., Brown et al., 2003; Faulkner et al., 2006; Bellot, 2008; Bangs et al., 2009; Collettini et 
al., 2009; Fulton and Saffer, 2009; Carpenter et al., 2011; Lockner et al., 2011). (II) The quasi-static 
frictional resistance of the faults is high on average, but weakens substantially at seismic slip rates as 
supported by lab experiments (Tullis, 2015 and references therein; Noda et al., 2009; Noda and Lapusta, 
2010, 2013; Jiang and Lapusta, 2016). Earthquake rupture initiates in places of stress concentrations 
and/or quasi-statically weak spots and propagates over low-stressed portions of the fault due to co-seismic 
weakening, making the fault appear weak (Figure 2). 

4. Radiated energy estimates and effects of fault geometry for different rupture modes 
Our studies of earthquake sequences (Perry et al., 2020; Lambert et al., 2021a), combined with field 
estimates of earthquake source properties, including radiated energy, suggest important differences 
between physical conditions that govern large earthquake ruptures on megathrust vs. mature continental 
faults such as SAF, with megathrusts potentially operating under chronic fluid overpressure and relatively 
mild dynamic weakening (models of type (I)), while continental faults having no to much less chronic 
overpressure but experiencing pronounced dynamic weakening (models of type (II)). The resulting 
preferred rupture modes would then also be different, with large megathrust earthquakes propagating as 
crack-like to mild pulse-like ruptures, while large crustal earthquakes propagating as sharper self-healing 
pulses. The possible discrepancy in driving mechanisms for large megathrust and crustal earthquakes 
raises questions about the relevance of existing inferences from large earthquakes, which are dominated 
by megathrust events, for informing us about properties of future crustal events.  
 We have verified our conclusions (obtained in 2D models with 1D faults) in 3D models with 2D 
faults (Figure 1C-F), as in Jiang and Lapusta (2016, 2017). Our simulations of 3D models allow us to 
explore geometric mechanisms of generating slip pulses, due to arrest waves from geometric restrictions 
of the rupture area such as the seismogenic depth (Day, 1982) or from strong heterogeneities (Beroza and 
Mikumo, 1996, Michel et al., 2017). Our preliminary results indicate that geometric pulses that result 
from healing due to finite seismogenic depth (a geometric effect) of what otherwise would be a crack-like 
rupture have radiated energy per moment much closer to crack-like ruptures than to sharply self-healing 
pulse-like ruptures (Figure 1D and F).  
 We have also been working to produce synthetic waveforms for our simulated 3D sources with 
different rupture styles in order to compare the radiated energy computed directly from our models with 
estimates obtained by applying standard seismological techniques. The higher seismological estimates of 
radiated energy for large crustal earthquakes compared to megathrust earthquakes (section 1; Figure 1) 
may indicate a systematic difference between teleseismic and regional estimates, which is supported by a 
few crustal earthquakes with both regional and teleseismic estimates (Figure 1). A number of assumptions 
go into estimating radiated energy from seismological recordings; in particular, many seismological 
studies estimate radiated energy from teleseismic direct p-waves and must apply considerable corrections 
given that much of the energy is attenuated before arrival (Venkataraman and Kanamori, 2004, Ye et al., 
2016 a-c, Kanamori et al., 2019). We have developed ways of producing teleseismic synthetic waveforms 
from our simulated sources and analyze them similarly to field studies, and we are currently working on 
verifying the approach.  
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5. Dependence of critical stress conditions for earthquake occurrence on rupture size and 
weakening behavior 
The shear stress conditions along our simulated faults become heterogeneous over sequences of 
earthquakes due to the spatially varying history of slip in previous ruptures. We find that the average 
shear prestress over the rupture area decreases for larger ruptures, with the effect being more pronounced 
for models with more efficient dynamic weakening (Figure 2, Lambert et al., 2020b). Accordingly, we 
find that models with increasingly efficient weakening during ruptures tend to produce larger earthquakes, 
at the expense of smaller earthquakes, resulting in lower b-values and less complex earthquake sequences 
(Figure 3, Lambert et al., 2021). This result is consistent with our prior work (Jiang and Lapusta, 2016; 
2017) which has shown that models with substantial co-seismic weakening can lead to seismic quiescence 
between large events, as observed for the Cholame, Carrizo, Mojave, and Coachella segments of the SAF 
for relatively mild heterogeneity of friction properties. These considerations may be useful for early 
warning systems. 
 Our results highlight the significance of fault heterogeneity for rupture occurrence, particularly in 
fault models with efficient dynamic weakening. Fault models with more efficient weakening exhibit 
increasingly notable differences between the stress conditions required for rupture nucleation and the 
much lower average shear stress over larger rupture areas (Figure 2). Thus, faults that experience more 
substantial weakening should thus require the presence of larger amplitudes of heterogeneity to produce 
small events. We are currently expanding our study to examine the relationship between earthquake 
sequence complexity and varying levels of fault heterogeneity and enhanced dynamic weakening in 3D 
models in order to determine the relevant scales and amplitudes of the heterogeneity that would be 
obscured by co-seismic weakening vs. manifest itself through microseismicity in between large, model-
spanning events in fault models with varying efficiency in co-seismic weakening. 
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Figure 1: (A) The ratio of radiated energy to seismic moment for earthquake ruptures simulated as part of 
earthquake sequences and slow slip in low-heat, low-stress models of two types: (I) chronically weak due to 
persistent fluid overpressure and (II) quasi-statically strong but dynamically weak, for events with realistic stress 
drops of 1-10 MPa. (B) Inferences from observations (adapted from Lambert et al., 2021a). Models of type (I) 
produce crack-like ruptures with radiated energy per seismic moment comparable to teleseismic estimates for large 
megathrust earthquakes (pink stars). Models of type (II) produce self-healing pulses (of short local duration) with 
much larger radiated energy per seismic moment, compatible with limited regional estimates from large crustal 
earthquakes (green triangles). Dashed lines in (B) connect teleseismic and regional estimates for the same crustal 
earthquakes, indicating potential discrepancy between the two seismological estimates that we are working to 
investigate based on our simulated ruptures and synthetic seismograms. (C-D) Evolution of slip (top) and spatial 
distribution of slip rate at an instance during rupture (bottom) during 3D simulations of a self-healing pulse (C) and 
a geometric pulse (D). Slip is contoured every 0.25 s. (E-F) Corresponding average shear stress versus slip diagrams 
for the two pulses that illustrate the partitioning of the strain energy per unit rupture area (red trapezoid) into the 
dissipated energy (grey shading) and radiated energy (blue shading). The energy partitioning of our 3D models of 
self-healing pulses is consistent with our results from 2D simulations. Fault properties that produce crack-like 
ruptures in 2D models result in geometric pulses in 3D models, due to finite seismogenic depth, but with average 
stress evolution and energy partitioning consistent with crack-like ruptures. The radiated energy to moment ratios 
versus inferable available energies for the self-healing (red square) and geometric (blue square) pulses are shown 
with the results of our 2D models in (A). Adapted from Lambert et al. (2021a) and Lambert and Lapusta (2021a). 
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Figure 2: Systematically lower fault prestress (i) over larger fault ruptures and (ii) with more efficient weakening, in 
models with enhanced dynamic weakening. (A) The evolution of the apparent coefficient of friction, given by the 
ratio of shear stress to the interseismic effective normal stress, with slip in the nucleation region of ruptures is 
consistent with the laboratory notion of quasi-statically strong, dynamically weak behavior, with the apparent 
friction coefficient initially close to the reference value of 0.6 and dropping to much lower dynamic resistance. (B) 
The evolution of the apparent friction coefficient at points throughout rupture propagation is more complicated as 
the scaled prestress can be much lower than the reference friction before the arrival of the dynamic stress 
concentration. (C) Spatial distribution of slip (top) and prestress and final shear stress (bottom) during rupture (fault 
model TP4 in Figure 2). Slip contours are plotted every 0.25 s. The purple and gray shading illustrates the extent of 
the nucleation and ruptured regions, respectively, over which the prestress is averaged. While the ruptures nucleate 
in regions with stress levels near the local steady-state quasi-static shear resistance (dashed orange line), ruptures 
propagate over lower prestressed areas, resulting in lower average prestress 𝜏ini!  and lower average coefficients of 
friction 𝜏ini! /(𝜎 − pint). The shear stress distribution for a typical moment during rupture propagation is shown in 
black, demonstrating the stress concentration at the rupture front that brings the fault stress to values comparable to 
the SSQS shear resistance. The peak stress is even higher since the fault is initially dynamically stronger due to the 
rate-and-state direct effect. (D) The spatially averaged prestress 𝜏ini!  and average friction coefficient decrease with 
increasing rupture size; the effect is more pronounced with increasing efficiency of weakening. Adapted from 
Lambert et al. 2021b. 
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Figure 3: Fault models with more efficient dynamic weakening result in less earthquake sequence complexity, 
producing fewer smaller events (left column) and hence smaller b-values of the earthquake frequency-magnitude 
distributions (right column). Our findings suggest that the paucity of microseismicity observed on some mature fault 
segments, such as the Cholame and Carrizo segments of the San Andreas Fault (e.g., Hauksson et al._2012; Jiang 
and Lapusta,_2016) may indicate that they undergo substantial dynamic weakening during earthquakes ruptures. (A-
D) Frequency-magnitude and (E-H) cumulative frequency-magnitude statistics for simulations with increasing 
efficiency of enhanced dynamic weakening (models TP 1-4 from Figure 2). From Lambert et al. (2021b). 
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