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Materials and Methods 

Earthquake catalogues and coseismic slip models for major events  

To explore the source processes of major continental strike-slip earthquakes, we study 
seismicity patterns and coseismic slip distribution associated with events that are selected 
based on the following criteria (with some examples in Fig. 2).  

Criteria for selecting smaller events:  
• Major earthquakes (6.0 ≤ Mw ≤ 7.5) on the San Andreas Fault (SAF), San Jacinto 

Fault (SJF), Calaveras Fault, and Imperial Valley Fault;  
• Events after 1970s (for the reason of quality instrumentation);  
• Events with published finite-fault slip models.  

Criteria for selecting larger events:  
• Large earthquakes (Mw ≥ 7.5) on major continental strike-slip faults; 	
• Events after 1950s;   
• Events in well-instrumented regions;  
• Plus two recent major historical events on the SAF (1857 and 1906 earthquakes).  

Sources of models and catalogues for these events are listed in Table S1. We study the 
near-fault seismicity using highest-resolution earthquake catalogues available in each 
region, e.g., Northern and Southern California (34, 7), and relocated catalogues from 
temporary and/or permanent networks, e.g., in Alaska and Turkey. We use finite-fault 
coseismic slip models from published studies, some of which are obtained from the 
SRCMOD database (equake-rc.info/SRCMOD/; 9). Inversions of coseismic slip 
distributions for large earthquakes from different studies often produce solutions with 
large variability due to the under-determined nature of the inverse problem and choices of 
regularization schemes; the uncertainty of these solutions is usually unknown (9). Major 
features of the source, such as the along-strike location of the highest slip area, are 
sometimes similar among different studies and therefore appear to be well constrained. 
The depth extent of the coseismic slip is more difficult to constrain due to the decrease of 
resolution with depth. The depth extent can also be sensitive to strong regularization 
terms or the imposed depth limit of the fault geometry. In some cases where joint datasets 
are available and testing of data sensitivity with depth is explicitly conducted, a certain 
depth range or lower bounds could be inferred for the coseismic slip. We consider the 
space-time evolution of microseismicity patterns for events of different sizes and, where 
possible, compare them with these more reliable features in finite-fault slip inversions.  

 

 

 



 
 

3 
 

Microseismicity vs. the depth extent of earthquakes from slip models  
For mainshocks of smaller sizes (Mw ~6), we observe that pronounced, concentrated, and 
sometimes persistent microseismicity occurs down dip of the large coseismic slip in the 
events, e.g., for the 2004 Parkfield, 1984 Morgan Hill, 1979 Imperial Valley, (possibly) 
1987 Superstition Hills, and 1989 Loma Prieta earthquakes. We show the associated 
seismicity and coseismic slip for most of these events in Figs. S1-4 and consider the 
depth relation between microseismicity and their coseismic slip in regions with larger and 
better constrained slip. 

2004 Mw 6.0 Parkfield. The concentrated microseismicity in this case forms apparent 
“streaks” at both shallower (~6 km) and greater depths (~10 km) (Fig. 2 and S1). It is 
reasonable to assume that these streaks represent rheological transitions on the fault and 
that seismic slip in the associated large events occurs largely between those streaks. 
When this consideration is added to the inversion, one can indeed obtain co-seismic slip 
distribution with those properties. This was illustrated by Barbot et al. (35) for geodetic 
data inversion (Fig. S1, panel A(i)), as well as by Ma et al. (36) for a dynamic model that 
matched the seismic and geodetic data. However, even for this well-recorded and well-
studied earthquake, kinematic source inversions with no such geometric constraints can 
produce quite different slip distributions that are not as clearly bound by microseismicity 
(e.g., Fig. S1, panel A(ii), 37; 38). This inherent variability in finite-source slip inversions 
precludes a detailed study of the relation between seismic slip in large events and 
microseismicity at the bottom of the seismogenic zone. That is why we focus only on the 
general and more robust features. Fig. S1(B, C) suggests that active microseismicity 
occurred down dip of the largest coseismic slip of the Parkfield event and contributed 
predominantly to the moment release of small events. We reach similar conclusions when 
the entire ruptured region is considered (Fig. 2).  

1984 Mw 6.2 Morgan Hill. Seismicity associated with this event occurs more in isolated 
clusters, with many of them at shallower depths (Fig. S2). It is likely that variations in 
fault properties or complex structures near the surface can affect many of these shallower 
events (4-6 km). We note that large slip during this event likely occurred in segments S1 
and S3 (Fig. S2, panel A, 42, 43). At both locations, concentrated seismicity is observed 
at the downdip location of the large slip in both slip models, as also noted in (44). It is 
possible that the seismic slip penetrates deeper in some places on the fault, e.g., as 
suggested in the model of (42) at segment S2, eliminating the bottom-of-the-seismogenic-
fault microseismicity there, but not in other segments.  

1979 Mw 6.4 Imperial Valley. Doser and Kanamori (39) studied the regional seismicity 
that occurred between 1977 and 1983 using a relocated catalogue from the Caltech 
network. They considered two slip models inverted from seismic data and found that pre-
mainshock seismicity is located down dip of the entire high slip region in one model (40) 
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and below the maximum slip (with some overlap with slip) in the other one (41) (Fig. 13 
in 39). All nearby aftershocks appear to be concentrated at the lower edges of both 
models. Their observations of the depth relation between small events and the slip during 
the mainshock resemble the Parkfield scenario. 

1987 Mw 6.7 Superstition Hills. In Fig. S3, seismicity (mostly aftershocks) associated 
with this event forms a “cloud” that spans the depths of 3-10 km, and yet moment release 
predominantly comes from 7-8 km both before and after the mainshock in the large-slip 
region. The finite fault slip models for this event (45, 46) also substantially differ: large 
slip region is located directly up dip of aftershock clusters in the GPS-derived static slip 
model (45), while the maximum slip lies deeper than almost all seismicity in the 
kinematic slip model based on strong motion data (46). The former relation appears to be 
more consistent with observations of other events. However, without other constraints, 
the relative position of microseismicity and seismic slip in this event is inconclusive.  

1989 Mw 6.9 Loma Prieta. Concentrated aftershocks occurred at downdip locations of 
large slip from models (32, 47) over segments S2-S4 (Fig. S4, also shown in Fig. 2). 
However, there is variability between these segments - the aftershock activity decreases 
toward the largest and deeper slip. Given that this event is the largest one of the first 
group, such variability can be explained by the local penetration of coseismic slip below 
the seismogenic zone. Besides, we note that deeper aftershocks are more short-lived than 
shallower ones, thus producing an apparent change in the aftershock depths. This 
phenomenon is also reported in (25) and resembles what we observe for the deeper VW 
patches in both end-member models M1 and M2.  

The largest strike-slip earthquakes we considered – 1999 Mw 7.6 Izmit, 2002 Mw 7.9 
Denali, 2001 Mw 7.9 Kokoxili, and 1906 Mw 7.9 San Francisco – share two common 
characteristics that distinguish themselves from smaller events: (1) an overall lower level 
of seismic activity both before and after the mainshocks and (2) depletion of deep 
microseismicity down dip of the largest coseismic slip. We show the associated 
seismicity and coseismic slip, together with their depth relations (except for the 1906 
event), for neighboring fault segments during these events in Figs. S5-8. 

1999 Mw 7.6 Izmit. Coseismic fault slip models based on field offset and InSAR 
measurements (48) and GPS alone (4) (Fig. S5, panel A, B), as well as other models 
based on seismic waveforms (49, 50), resolve large (or even largest) slip to the west of 
the hypocenter, but have large variability in the depth of maximum slip that ranges from 
6 to 16 km. The western segment (S2 in Fig. S5) is where the earthquake potentially 
ruptures to the deepest extent and this is accompanied by the depletion of deep seismicity 
in both the pre- and post-mainshock periods, compared to the regions east of the 
hypocenter with shallower and smaller slip (segment S3). Further east, on the fault 
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segment (S4) with the inferred supershear transition during the earthquake, large and 
deeper slip is also possible, with most seismicity occurring off the fault (25).  

2002 Mw 7.9 Denali. Slip models based on GPS and seismic data (51), as well as joint 
inversion of field offsets, GPS, and InSAR data (33), show coseismic slip extending to 
the depth of 15-20 km at some locations (Fig. S6). The largest slip occurred at the 
segment of inferred supershear transition right before jumping to the Totschunda segment. 
The entire Denali fault is low in seismic activity prior to the mainshock, and even after 
the event, deep microseismicity is absent for nearly all segments over depths greater than 
~8 km (Fig. S6, panel A, B; 25, 52). 

2001 Mw 7.9 Kokoxili. The slip model constrained by InSAR measurements (53) 
suggests that while most slip occurs within the upper 10 km, significant slip penetrates 
below 10 km near the rupture end (Fig. S7). Synthetic tests show that no slip could be 
resolved if it is deeper than 20 km. The model based on teleseismic waveforms (54) 
provided similar constraints: fault slip reaches 10 km in most places and about 20 km in 

the region of highest slip. Since the 700 ◦C isotherm of Tibetan crust is at a depth of 18 
km (55), we infer that the brittle-semibrittle-plastic transitional depth (350-450 ˚C, 1) will 
be at 9-12 km. Hence, the coseismic slip during the Kokoxili event is quite likely to have 
penetrated beyond this transition. No large aftershocks for this earthquake was observed, 
and all Mw > 5 earthquakes appear to occur off the main fault plane (Fig. S7, panel A; 25).  

1906 Mw 7.9 San Francisco. As the most recent major event on the SAF, the 1906 San 
Francisco earthquake is highly relevant to understanding seismic hazard on the Southern 
SAF where similarly large events are expected. The along-strike fault slip distribution 
can be relatively well constrained in models based on geodetic data (56) and joint 
seismic-and-geodetic data (57) (Fig. S8). Inversions of depth-dependent slip from 
geodetic triangulation data found that the best fitting model exhibits right-lateral slip to 
depths of 15 to 20 km, with about 6 m of surface slip (58). Present-day seismicity is 
nearly absent on the Shelter Cove part of the northern SAF where the largest coseismic 
slip is inferred. Based on the analysis of catalogues and reports of felt aftershocks, 
Meltzner and Wald (59) concluded that there was no large aftershocks on the rupture 
plane.  

1857 Mw 7.9 Fort Tejon. Paleoseismic trenching studies provide the only constraint on 
the slip amplitude and spatial extent of this historical event on the Southern SAF. Earlier 
studies on the Carrizo segment inferred a fault slip of about 10 m at the surface during the 
event (26), while recent studies suggested a smaller amount of ~5 m (27, 60). However, 
study based on historical surveys found that large slip of ~11 m is required at greater 
depths (29). Similarly, for the Cholame segment, a deeper slip of ~16 m is inferred (30), 
compared to a surface slip of 3-6 m (61). Therefore, a deeper slip scenario for the 1857 



 
 

6 
 

event, as in model M2, can reconcile these different observations at the surface and at 
depth. Studies of historical records found that there were no large aftershocks close to the 
segment, lower-than-average aftershock rates, and low background seismicity rate before 
this earthquake (62, 63). 

For most of these large events with inferred supershear rupture (e.g., Izmit, Denali, and 
Kokoxili), Bouchon and Karabulut (25) studied their aftershocks and observed a lack of 
on-fault aftershocks and the onset of off-fault aftershocks in the regions of supershear 
propagation. They explained the lack of on-fault aftershocks by the relatively uniform 
fault friction, and the onset of the off-fault aftershocks by the ground motion features 
induced by the Mach front. We note that deeper aftershocks below the largest slip in 
these events are near-absent within a considerable distance of the fault (Figs. S5-7) and, 
in some cases, the rupture on the segment of the largest slip is not supershear (e.g., the 
western segment in Izmit). Therefore, the deeper penetration of large earthquake slip, 
supershear or not, can offer an additional explanation to the general lack of aftershocks 
following these events. 

 

Paleoseismic Records for the San Andreas and San Jacinto Faults 

In Fig. 3A, we show the estimates of the calendar years of major historical and 
prehistorical earthquakes on the SAF and SJF in Southern California, with approximate 
rupture lengths illustrated for major events. For the Parkfield segment, repeating M ~6 
events have been recorded to occur at similar locations (16, 64). Further to the south, the 
1857 Mw 7.9 Fort Tejon earthquake is well-documented to have ruptured the Cholame, 
Carrizo, and Mojave segments based on paleoseismic trenching studies and historical 
surveys (26, 27, 29, 30, 60, 61, 65, 66). Prior to 1857, major historical events on the 
southern SAF are the two earthquakes that occurred adjacent to each other in Dec. 1812, 
which we denote with a single year and rupture extent. The surface rupture of 1812 
event(s) is only confirmed at Wrightwood on the Mojave segment (67), and possibly 
recorded at sites to the north and to the south. Recent studies based on the analysis of 
precariously balanced rocks (68) and dynamic earthquake modeling (69) suggest that the 
1812 event could have involved the SJF. For simplicity, we illustrate the rupture extent of 
the 1812 event only on the SAF, with the uncertain parts as dashed lines. On the SJF, 
several M 5-6 events have occurred, as is summarized in Smith and Sandwell (70). 

For prehistorical earthquakes, we compile the approximate calendar years for earthquakes 
(after A.D 1000) on segments of the SAF and SJF based on paleoseismic studies at 
representative sites, e.g. the Wrightwood site for the Mojave segment (71, 72). We 
summarize the dates and references in Table S2. Among these events, the ~1690 
earthquake could have ruptured the San Bernardino, Palm Springs, and Coachella 
segments based on possible correlations of paleoseismic data at different trenching sites 
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(73-76), so we illustrate the rupture extent of this event with dashed lines over all three 
segments. We also compile the paleoseismic events on the SJF in Table S2 (77-79) for 
completeness. 

 

Observations of seismicity on the San Andreas and San Jacinto Faults 

In Fig. 3B, we show the spatial distribution of seismicity within 3 km to the SAF and SJF 
in Southern California. Fig. S9 complements such observations with a quantitative 
estimates on the number of earthquakes and seismic moment release along the fault 
segments. The quiescence of seismic activities (throughout all depths) on Cholame, 
Carrizo, Mojave, and Coachella are clearly evident, as even the most active locations on 
these segments produce less than 10% seismicity of those at Parkfield, with most other 
regions of the segments producing essentially negligible activity in terms of both 
earthquake numbers and seismic moment release. Fig. S10 shows the absolute and 
relative uncertainties in horizontal and vertical directions for the location of earthquakes 
used in Fig. 3B.  

 

Numerical methods for simulating long-term fault slip  

For numerical simulations of long-term fault behavior including earthquake sequences 
and aseismic slip, we use the spectral boundary integral approach to solve the problem of 
elastodynamic equations of fault motion coupled with the friction boundary conditions 
that include evolutions of pore fluid pressure and shear zone temperature through 
effective normal stress (18, 80-82). At each time step, slip rates and shear tractions are 
determined for each cell of the discretized fault by equating fault shear stress to fault 
friction (strength). These conditions for different fault cells are coupled, because the 
shear stress is affected not only by loading but also slipping of the other fault cells 
through wave-mediated static and dynamic stress transfers. Meanwhile, frictional 
resistance depends on prior history of slip. The adaptive time stepping in our 
methodology allows us to resolve slow tectonic loading, earthquake nucleation, fully 
dynamic earthquake propagation and the postseismic afterslip that follows the mainshock. 

In our study, we use the Dieterich-Ruina rate-and-state friction, supplemented by 
thermally induced evolution of pore pressure (15, 83-85): 

 
  
τ =σ f = (σ − p) f * + a ln V

V * + blnV *θ
L

⎛
⎝⎜

⎞
⎠⎟

 ,   (1) 

 dθ
dt

= 1− Vθ
L
 ,   (2) 

where σ  is the effective normal stress, f  is the friction coefficient, σ  is the normal 
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stress on the fault (positive in compression), p  is the pore pressure,   f
*  is the reference 

friction coefficient at the reference slip rate   V * , θ  is the state variable, and  L  the 
characteristic evolution distance. The solution methodology uses the form of these 
expressions regularized near   V = 0  (82).  

Our fault models incorporate depth-dependent rate-and-state friction properties used 
similarly in (80, 86), based on experimental results (87) (Fig. S11). The effective 
compressive normal stress in the interseismic period, when the shear heating effects on 
pore pressure are negligible, is 3 MPa near the surface, increases to 50 MPa at 3 km 
depth, and stays constant over the deeper regions; this distribution of σ  is appropriate for 
an over-pressurized crust at depth (88). Circular VW patches at the transitional depth are 
used to illuminate the effect of the larger-scale model behavior on microseismicity. The 
patches are generated randomly, with their radii distributed between 0.3 and 1.0 km and 
their depths between 10 and 20 km. The generation process favors patches of smaller 
radii with the increase of depth. This is a simplified representation of rheological 
transitions with fault heterogeneity.  

Slip is able to develop into earthquake rupture only if the steady state velocity-weakening 
region of the fault exceeds the nucleation size h* 	(89-91). For 2D problems, two 
theoretical estimates of the earthquake nucleation size are from (89) and (91):  

 hRR
* = π

4
µ*L

(σ − p)(b − a)
 ;hRA

* = 2
π

µ*Lb
(σ − p)(b − a)2

,   (3) 

where µ* = µ  for mode III and µ* = µ / (1− µ)  for mode II. In 3D problems, the 
nucleation size is given by (91) and (92): 

 h* = (π 2 / 4)hRA
*   (4) 

The theoretically estimated nucleation size in our models is about 5 km for the 
seismogenic region outside the VW patches and about 1.5 km inside the VW patches, 
based on Eq. (4). That makes some of the VW patches slightly larger than their 
nucleation size at the transitional depth and smaller than their nucleation size at even 
greater depth of the fault extension.  

The fault areas with dynamic weakening experience thermal pressurization of pore fluids 
due to shear heating, with off-fault diffusion of fluids and heat following the 
methodology of Noda and Lapusta (82). The evolution of pore pressure and temperature 
on the fault is governed by the following equations (93):  

 ∂T (x, y, z,t)
∂t

=α th
∂2T (x, y, z,t)

∂y2
+ ω (x, y, z,t)

ρc
,   (5) 
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 ∂p(x, y, z,t)
∂t

=α hy
∂2 p(x, y, z,t)

∂y2
+ Λ ∂T (x, y, z,t)

∂t
  (6) 

where T (x, y, z,t)  and p(x, y, z,t)  are temperature and pore pressure at location (x, y, z)  
and time t , respectively. α th  and α hy  are the thermal and hydraulic diffusivities, ρc  is 

the specific heat capacity and Λ  is the pore pressure change per unit temperature change 
under undrained conditions. The shear heating source ω (x, y, z,t)  is expressed as:  

 ω = τV exp(−y
2 / 2w2 )
2πw

,   (7) 

where w  is the half width of the shear zone which accommodates the slip rate V . The 
thermal pressurization is effectively disabled outside of the DW zones (Fig. 4) by 
choosing unfavorable thermo-poro-elastic properties.  

Table S3 summarizes parameters used in the models. The chosen values of L  are larger 
than those obtained in laboratory, L = 1−100 µm, but facilitate our numerical 
computation (81).  

Spatial discretization in the simulations, cell size Δx , should be small enough to resolve 
the evolution of stress and slip rate. Two important physical scales in the problem are 
nucleation size h*  and cohesive zone size Λ . The nucleation size is a crucial length scale 
during interseismic periods (80, 90, 94) and h* / Δx  is an important criterion to assess 
spatial resolution. The cohesive zone size is important in dynamic rupture and hence 
Λ / Δx  is another resolution criterion (95, 96, and references therein). Day et al. (96) 
established that Λ0 / Δx  of 3 to 5 is required to resolve dynamic rupture. For rate-and-
state friction law, Λ0 , the size of Λ  at a rupture speed of 0+, is given as   

 Λ0 = C1
µ*L
bσ

  (8) 

The ratio of nucleation zone size and cohesive zone size is given by Λo / h
* ~ (b − a)2 /b2 . 

With the chosen values of a  and b , this ratio is about 0.05. Therefore, resolving the 
cohesive zone is the more stringent numerical criterion here. In our models, we choose 
the cell size small enough to resolve the cohesive zone with at least 3 cells, hence 
resolving the nucleation zones with more than 60 cells. It is also important to resolve the 
pore pressure effects, with the effective normal stress decreasing behind the rupture front. 
For the parameters used in our simulations, we find that resolving the rate-and-state 
weakening, by resolving the cohesive zone size as already discussed, is a more stringent 
criterion.  
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Supplementary Text 
Physical mechanisms favoring or discouraging deeper coseismic slip  

Deeper coseismic slip below the seismogenic zone (SZ, defined as the zone where 
earthquakes can nucleate, hence having VW properties at slow slip rates) requires 
physical mechanisms which allow coseismic weakening in the otherwise creeping VS 
regions. In laboratory settings, dynamic weakening processes have been ubiquitously 
reported in high-velocity rock friction experiments, attributed to a variety of mechanisms 
such as flash heating, thermal pressurization of pore-fluids, thermal decomposition, and 
silica gel lubrication (18, 97, and references therein). Tanikawa and Shimamoto (98) 
show that the same rock samples taken from the Chelungpu fault zone can be velocity-
strengthening – stable – at low slip rates and allow for dynamic weakening through 
thermal pressurization at high slip rates, supporting such combination of fault properties 
in the real world. While many enhanced dynamic weakening mechanisms would 
presumably work in highly localized shear zones appropriate for mid-seismogenic depths, 
their efficiency below the seismogenic zone would be affected by a variety of factors that 
characterize deeper fault extensions. For example, the efficiency of thermal 
pressurization depends on the competition between permeability of fault rocks which 
decreases with depth (99, 100) and shear-zone width that increases with depth (5), and 
the effectiveness of pore pressure in reducing fault stress (23). For flash heating, its onset 
is more difficult at depth due to the increase of ambient temperature (101), and increased 
slip partitioning in the shear zone (102), both of which are discouraging effects. However, 
dynamic shear localization (19) and inertial effects (103) can aid deeper penetration of 
earthquake ruptures. The combination of these factors would ultimately determine the 
arresting depth of large earthquakes, which can be deeper than the low-velocity VW zone 
where earthquakes can nucleate. This possibility is supported by geological studies which 
find occurrence of seismic slip in the mostly ductile regime (12, 104-109), and has been 
conjectured in several synoptic models of the shear zone (13, 110, 111). These 
considerations motivate our model M2.  

For some fault segments, e.g., the San Jacinto Fault, structural and geometrical 
complexities, which are possibly related to lower cumulative fault displacement and fault 
maturity, lead to a larger degree of fault heterogeneity, potentially hindering the 
susceptibility of the fault to such weakening mechanisms (112). Additional factors such 
as inelastic dilatancy can also counteract the effect of dynamic weakening (22). Fault 
segments with such properties might tend to produce relatively smaller earthquakes 
confined to the VW regions (113), as seen in model M1. 

 

 

 



 
 

11 
 

Long-term fault behavior in numerical simulations  

The long-term fault behavior in our models consists of slow slip on time scales of tens 
and hundreds of years and short bursts of dynamic earthquake ruptures lasting seconds. 
To supplement the summary of the model behavior in Fig. 4, we show the simulated 
long-term evolution of slip, slip rate and stress at local points and along depth profiles in 
Fig. S13-S17, with the locations of the points and depth profiles illustrated in Fig. S12.  

In Fig. S13, the accumulated slip along the depth profile over several large earthquakes 
reveals the difference in the partition between seismic and aseismic slip for the two 
models. In model M1 with SZ-confined rupture, minor coseismic penetration and 
interseismic creep overlap around the VW/VS boundary, and most of the VW and VS 
regions accommodate seismic and aseismic slip, respectively. In model M2 with deeper 
rupture, overlap of seismic and aseismic slip occurs in the VS regions that experience 
DW. Any VS region that experiences coseismic or postseismic slip creeps at a rate lower 
than the plate rate in the late interseismic period, since, on average, the slip has to match 
that implied by the plate rate.  

The time evolution of local shear tractions and slip rates is shown for different fault areas 
in Fig. S14, and for points within VW patches which are surrounded by regions of 
different fault properties in Fig. S15. In model M1, the VW region in the mid-
seismogenic depth slips during large earthquake rupture. Deeper VW regions experience 
stress perturbation due to frequent seismicity at the transitional depths. The VS regions 
experience stress increase (or negative stress drop) after large earthquake rupture, go 
through postseismic slip, and return to steady-state stress after the postseismic period. In 
model M2, VW regions produce unstable slip and VS regions, if with DW, also 
participate in coseismic slip, with large positive stress drop and recovery of stress later. 
The VW patches either produce frequent seismicity (point P2), or experience mostly 
recurring aseismic transients if they are below the nucleation size (P1 and P4), or only 
participate in the rupture of large events (P3).  

In Fig. S16 and S17, the time evolution of fault shear stress and slip rate from near-
locked to near-plate-rate values is shown for the post- and inter-seismic periods following 
a typical large event. The large variation of slip rates along depth essentially defines the 
locked-creeping transition, and corresponds to a stress concentration front, as expected. 
We define the locked-creeping transition as the depth of slip rates reaching 0.1Vmax , 
where Vmax  is the maximum slip rate over the fault at the time (note that Vmax ≈Vpl  during 
most of the interseismic period). In model M1, this transition stays at essentially the same 
depth throughout post- and inter- seismic periods; in model M2, it changes with time, as 
shown in Fig. 4. We discuss the migration of this transition in Model M2 further in the 
following section.  
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In the presented models, the VW patches that promote earthquake nucleation are located 
only around the VW/VS rheological transition. The outcome of simulations with VW 
patches distributed throughout the seismogenic depths can be inferred from the results of 
the existing models M1 and M2. First, VW patches between the depths of 5 to 12 km 
(within the regions of DW in both models) would not produce much microseismicity. 
This is because they would be inside the regions of largest slip in the large events and 
hence the ones with the smallest stress that remains below the nucleation-level stresses 
for the duration of the interseismic period. Indeed, the shallowest existing VW patch in 
both models M1 and M2, labeled P3 in Fig. S12 and positioned at 9 km depth, does not 
produce any microseismicity in either model; its stress evolution is shown in Fig. S15. 
Second, any shallower VW patches (0-5 km depth) would have qualitatively similar 
behavior between the two models, because the shallowest parts of the two fault models 
have the same frictional properties and experience similar creep in most of the 
interseismic periods (see Fig. S13, top fault regions). The stressing due to creep would 
cause some microseismicity there in the presence of patches, similarly to the bottom 
VW/VS transition. If we eliminate the region with VS properties near the free surface, the 
creep at the top of the fault will be replaced by enhanced co-seismic slip of large events; 
any VW patches in that scenario will behave similarly to the ones in the middle of the 
seismogenic zone. 

 

Estimating the migration of stress concentration front  

When earthquake rupture penetrates below the seismogenic zone (VW region), the stress 
concentration front (SCF) induced at the locked-creeping transition (LCT) is within the 
VS region, and migrates up dip due to gradual resumption of creep in the post- and inter- 
seismic periods, as shown in Fig. 2 and S17. Therefore, the depth of the SCF in the 
interseismic period is connected to the depth extent of (previous) coseismic slip.  

As illustrated in Fig. S18A, the SCF moves up dip with time, separating locked and 
creeping regions. The coseismically ruptured region gets loaded while stress decays in 
the unruptured region due to postseismic slip. Let us denote the difference between the 
stress levels across the SCF by Δτ c-l . In Fig. S16C-D, the incremental stress and slip 
over several consecutive time periods indicate that this process is similar to a 2D (Mode 
III) antiplane quasi-static crack that slowly advances into the locked region, with time-
dependent creeping rates and stress concentration in front of the crack tip. Based on 
kinematics, the propagation speed of the SCF is equal to the spatial slip gradient (right 
behind the tip) times maximum slip rate at the SCF. Since slip gradient, as shear strain, is 
related to stress difference via shear modulus μ, and maximum slip rate at the SCF is just 
the creeping rate Vc (t) , we arrive at the following expression:  
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 Vprop (t) =α µ Vc (t)
Δτ c-l (t)

  (9) 

where α  is a coefficient to account for geometrical effects of mapping our results into 
this approximate model, Δτ c-l (t)  is the stress difference across SCF, and t  is the time 
since the previous large earthquake. Δτ c-l (t)  is affected by several processes and can be 
written as:  

 Δτ c-l (t) = τ c (t)−τ l (t) = τ c (t)− [τ c (0
− )+ Δτ + Δτ load (t)],   (10) 

where τ c (t)  and τ l (t)  are the stresses in the creeping and locked regions at time t , 

respectively, t = 0−  is the time right before the earthquake, Δτ  is coseismic stress 
increase, and Δτ load  is the stress increase from loading. Δτ  is comparable to the static 
stress drop during the earthquake Δτ eq (< 0) , so we assume Δτ = −Δτ eq > 0 .  

To use Eq. (9), we need an estimate of Vc (t)  and τ c (t) . In the VS region below the 
seismogenic zone, postseismic afterslip following large events has been amply 
documented (e.g., 4, 114). These observations can be well explained with steady-state VS 
friction, at least for periods after tens of days since the event, as supported by numerical 
studies (115, 116). Hence we can write:  

 τ c (t) =σ f * + a log(Vc (t) /V
*)⎡⎣ ⎤⎦   (11) 

Note that we have simplified the notations by using only rate-and-state parameter a since 
b = 0  for the deeper fault extensions in our models. When b ≠ 0 , a  is replaced by 
(a − b)  in Eq. (11). Formulations for steady-state postseismic fault slip are derived in 
(115) with a spring-slider analog. The spring-slider (SS) model ignores the time variation 
in the size and properties of the afterslip fault zone, but may provide a simplified 
description of our results. In the context of earthquake sequences, the loading rate V0  and 
the rate before perturbation Vi  in their model coincide with the late-interseismic fault slip 

rate in our models, therefore Vi =V0 =Vc (0
− ) . Recognizing that, we express fault slip rate 

Vc (t) , slip δ c (t) , and stress τ c (t)  with formulations modified from (115) as follows:  

 δ (t) =Vi tr log 1+ d(exp(t / tr )−1)[ ] ,   (12) 

 Vc (t) =Vi
d exp(t / tr )

1+ d(exp(t / tr )−1)
 ,   (13) 

 τ c (t) =σ f * + a log(Vc (t) /V
*) ,   (14) 

with  
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  d = exp(−Δτ eq / aσ ) =Vc (0
+ ) /Vc (0

− ) and tr = aσ / kVi = aσ / !τ  ,    

where tr  is the characteristic time for the postseismic period, k  is the spring stiffness in 
the spring-slider model, and  !τ  is the shear stressing rate. To compare the behavior of our 
models with the simplified formulation above, we take the values of aσ , recurrence 
interval Tr  (~250 yr.), coseismic stress drop Δτ eq  (~10 MPa), and Vi  (0.4 − 0.5Vpl ) from 

the 3D models. Using the constraint for total slip, TrVpl =Vi tr log(1+ d(exp(Tr / tr )−1)) , 
we solve for the effective tr . In Fig. S19, we show the behaviors of VS regions in three 
models (model M2-L, M2, M2-H) with different friction properties at depth. The general 
trend of the postseismic fault response in the VS region of the 3D models is predicted 
relatively well by Eqs. (12)-(14) for t >106  seconds (10 days) after the event. The 
increasing deviations with a larger value of a  suggest a time-variable tr  in the 3D 
models due to the expansion of postseismic slipping regions. In the late interseismic 
period before an event, the VS region slips at a rate below the long-term plate rate, as 
seen in other studies as an expanding stress-shadowing zone (117). In the context of our 
models, such lower rate is needed to balance the afterslip.  

Combining Eqs. (9), (12), (13) and (14), the migration speed of the SCF in the post- and 
inter-seismic periods is given as:  

Vprop (t) =αG
Vc (t)

τ c (t)− τ c (0
− )+ Δτ eq + Δτ load (t)⎡⎣ ⎤⎦

≈αGVc (t) σ f * + aσ log(Vc (t) /V
*)− (τ c (0

− )+ Δτ eq )⎡⎣ ⎤⎦
−1
,

 

where the pre-seismic stress level for the creeping regions is 
τ c (0

− ) =σ [µ* + a log(Vi /V
*)] . We ignore the stressing Δτ load (t) , since this term is 

smaller compared to other stress changes, and this simplification leads to a lower-bound 
estimate on Vprop . Then we get the following estimate for the migration speed and 
propagation distance of the SCF:  

 Vprop (t) =
αGVc (t)

aσ log(Vc (t) /Vi )− Δτ eq
,   (15) 

 Dprop (t) = Vprop0

t

∫ ( ′t )d ′t for t ≤ Tr .   (16) 

Using Eq. (15), we find that α = 0.18  gives a reasonable match between our 3D fault 
models and the simplified estimate, with deviations expected for cases with larger aσ  
(Fig. S20). Nonetheless, the total migration distance in all models is well reproduced.  

Using Eq. (16), we can estimate the total migration distance of SCF, and hence of the 
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locked-creeping transition, for fault segments with a range of properties, e.g., known Tr  
and Vpl  and feasible values for aσ  and Δτ eq . In Fig. S21, we make such an estimation 

for a = 0.005-0.03, σ = 50-200 MPa and Δτ eq = 3-12 MPa, assuming different 

combinations of parameters Vi = 0.4Vpl  or 0.6Vpl  and Tr =  200 or 250 yr. We observe 

that Dprop  depends strongly on Δτ eq  and relatively weakly on aσ . In the cases with 

small aσ , a significant fraction of the postseismic slip occurs in a short time period ( t  < 
10 days) following the event, so the approximate model would under-estimateDprop . In 

the cases with large aσ , the overall small postseismic slip rate over a large characteristic 
time would lead to a smallerDprop . Based on these considerations, for events with larger 

stress drops (> 5 MPa) and reasonable values of aσ , this migration distance could be at 
least 3-5 km.  
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Fig. S1. 2004 Mw 6.0 Parkfield earthquake. (A) Spatial distributions of small 
earthquakes and two models of coseismic fault slip during the mainshock, (i)(16) and 
(ii)(37). Following conventions in Fig. 2, seismicity before and after the mainshock 
(within 2 km of the fault plane) is represented by blue patches and black circles, 
respectively. The lengths of the pre- and post-mainshock time windows are indicated in 
(B). Seismicity and coseismic slip in regions S1-S4 (dashed rectangles) are analyzed in 
(B) and (C). (B) Time evolution of the seismicity depths in regions S1-S4. (C) Depth 
distributions of normalized total moment released by small earthquakes before (blue) and 
after (gray) the mainshock, and by the mainshock slip (red), in S1-S4. Sections with 
larger slip, which should be better resolved in different models, are highlighted. The 
magnitude of completeness M c  for the catalogue is 2.5 for years after 1980.  
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Fig. S2. 1984 Mw 6.2 Morgan Hill earthquake. Plotting conventions follow Fig. S1. 
Small earthquakes within 2 km of the fault plane are shown, together with coseismic slip 
inferred in models (i)(42) and (ii)(43). 
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Fig. S3. 1987 Mw 6.7 Superstition Hills earthquake. Plotting conventions follow Fig. 
S1. Small earthquakes within 3 km of the fault plane are shown, together with coseismic 
slip inferred in models (i)(45) and (ii)(46). 
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Fig. S4. 1989 Mw 6.9 Loma Prieta earthquake. Plotting conventions follow Fig. S1. 
Small earthquakes within 4 km of the fault plane are shown, together with coseismic slip 
inferred in models (i)(32) and (ii)(47). 
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Fig. S5. 1999 Mw 7.6 Izmit earthquake. (A) Map view of seismicity and fault traces. (B) 
3D view of seismicity and coseismic slip models. Fault traces in blue and red correspond 
to fault models (i)(4) and (ii)(48) in (B), respectively. Pre-mainshock seismicity is shown 
in orange in (A) and colored by the depth in (B)(iii). Post-mainshock seismicity is 
colored by the depth in (A) and (B)(i, ii). Mainshock hypocenter is marked by the red star. 
The seismicity is within a distance Dmax  of 5 km to the fault plane. The magnitude of 
completeness is 3.0. (C) Time evolution of the seismicity depths and (D) depth 
distributions of the total moment releases by small earthquakes and the Izmit event are 
analyzed for S1-5 shown in (B). Different moment releases (for pre-mainshock and post-
mainshock events, and the mainshock) are normalized by their respective maximum 
values across S1-5. The two largest aftershocks (Mw 5.9 and 5.6 at the depths of 17.6 and 
6.6 km on S3 and S5, respectively) are excluded in (D) to avoid their dominating signals. 
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Fig. S6. 2002 Mw 7.9 Denali earthquake. Plotting conventions follow Fig. S5. The 
magnitude of completeness for the aftershock catalogue is 2.3. The seismicity within 5 
km of the fault plane is shown, together with coseismic slip inferred from models (i)(51) 
and (ii)(33). The two largest aftershocks (Mw 5.8 and 5.6 at the depths of 6.75 and 23.12 
km on S2) are excluded in (D) to avoid their dominating signals. 
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Fig. S7. 2001 Mw 7.9 Kokoxili earthquake. Plotting conventions follow Fig. S5. Small 
earthquakes within 40 km to the fault plane is shown in (A) and (B) and those within 10 
km are considered for (C) and (D). Coseismic slip model is from (53). The two largest 
aftershocks (Mw 5.9 and 5.6 at the depths of 11.0 and 10.0 km on S5) are excluded in (D) 
to avoid their dominating signals. 
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Fig. S8. 1906 Mw 7.9 San Francisco earthquake. (A) Map view of seismicity and fault 
traces. Fault trace from the slip models (i) (56) and (ii) (57) is marked in red, and that 
from the SCEC Community Fault Model (CFM) is marked in blue. (B) 3D view of 
seismicity and the coseismic slip model (i) and (ii). Small earthquakes (Mw > 2.5 ) within 
10 km of the fault planes are shown. 
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Fig. S9. Seismicity and moment release on the San Andreas and San Jacinto Faults. 
(A) Normalized total moment release of small earthquakes (Mw < 5.5 ) on both faults. 

(B) Number of earthquakes (EQs) that occur on each fault section (10 km). (C) Spatial 
distribution of seismicity (shown in Fig. 3) projected onto the fault plane. Major 
segments of the SAF are labeled.  
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Fig. S10. Uncertainties of earthquake locations. Histograms of relative (top) and 
absolute (bottom) uncertainties of the horizontal (left) and vertical (right) locations are 
shown for the seismicity plotted in Fig. 3. The mean (blue) and median (black) 
uncertainties are below 0.6 km for absolute locations and much smaller for relative 
locations. The criterion of 3-km distance used in Fig. 3 serves as a conservative threshold 
that should capture all on-fault seismicity. 
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Fig. S11. Depth dependence of normal stress and rate-and-state frictional properties. 
The same properties are used in models M1 and M2.  
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Fig. S12. Illustration of the locations of along-depth profiles and observation points. 
The along-depth profiles (red) and observation points (blue and orange) are used for plots 
in Fig. S13-17. 
  

10

20

-40 -30 -20 -10 0 10 20 30 40

De
pt

h 
(k

m
)

VS 

VW patches

-40 -30 -20 -10 0 10 20 30 40

VS 

Along-strike distance (km)

VW + DW

VW

VW + DW
10

20De
pt

h 
(k

m
)

0

0

VS + DW VW patches

Fig. S13, S16, S17Fig. S14
Fig. S15Fig. S15

Fig. S15 Fig. S14 Fig. S13, S16, S17

 Model with SZ-confined rupture (M1)

Model with deeper rupture (M2)

P1
P2

P3

P1

P3

P4



 
 

28 
 

 
Fig. S13. Slip accumulation along depth over several large earthquakes. (A) model 
M1 with SZ-confined rupture. (B) model M2 with deeper rupture. Accumulated slip 
along a cross section (red line in Fig. S12) is shown in red every second during the 
coseismic period and in blue every 10 years during the post- and inter-seismic period. 
Note that at the depths where seismic and aseismic slip overlap, the slip rates are 
significantly below the plate rate in the late interseismic periods in both models.  
  

(A) Model M1 with SZ-confined rupture (B) Model M2 with deeper rupture
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Fig. S14. Long-term evolution of the local slip rate and stress on the fault. (A) Model 
M1 with SZ-confined rupture. (B) Model M2 with deeper rupture. Points at different 
depths (blue in Fig. S12) represent regions with different frictional properties, namely 9 
km (VW + DW), 14 km (VW in M1 and VW+DW in M2), 16.5 km (VS in M1 and 
VS+DW in M2), and 19 km (VS).  
  

(A) Model M1 with SZ-confined rupture

(B) Model M2 with deeper rupture
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Fig. S15. Long-term evolution of the local slip rate and stress within VW patches. (A) 
Model M1 with SZ-confined rupture. (B) Model M2 with deeper rupture. Points P1-4 at 
different locations (orange in Fig. S12) are within VW patches but are surrounded by 
different frictional properties listed in the legends.  
  

(A) Model M1 with SZ-confined rupture

(B) Model M2 with deeper rupture
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Fig. S16. Time evolution of shear stress and slip rate along depth in model M1. 
Depth profiles of the shear stress and slip rate are plotted in the post- and inter-seismic 
periods of a typical large earthquake. The solid lines (in color) indicate 30 min, 5 hours, 
20 days, 200 days, 5 years, and 50 years after the event. The dashed line (marked pre-EQ), 
indicates 2 years before the next major event.  
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Fig. S17. Time evolution of shear stress and slip rate along depth in model M2. 
Plotting conventions follows Fig. S16.  
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Fig. S18. Post- and inter-seismic migration of the stress concentration front (SCF) 
after a deeper-penetrating earthquake. (A) Schematics of SCF (blue strips) advancing 
up dip with a (time-dependent) propagation speed Vprop . The locked and creeping VS 

regions are associated with slip rates Vl (≈ 0)  and Vc , and shear stresses τ l  and τ c , 
respectively. The difference of stress across SCF is Δτ c-l . (B) Depth profiles of shear 
stress during the post- and inter-seismic periods (from red to black: 30 min, 5 hours, 2, 20, 
200 days, 5 and 50 years), similar to Fig. S17. Δτ c-l  for different times are marked. (C) 
Incremental stress and (D) incremental slip during the time intervals shown in (B), 
suggest a quasi-static, slowly expanding crack. The stress peaks in (C) indicate 
approximate locations of the SCF. The horizontal dashed lines mark the transitions 
between VS+DW and VS regions. The vertical dashed line indicates no stress change. 
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Fig. S19. Postseismic response of faults with different frictional properties at depth. 
(A) Depth dependence of frictional properties (a − b)  for three models M2-L, M2 and 
M2-H. (B) Postseismic fault slip rates at the depth of 21.5 km ( a − b =  0.01, 0.02, 0.04 
for the three models, respectively), just below the depth extent of the preceding large 
earthquake rupture. Numerical results from our 3D models are shown in the red lines and 
theoretical predictions based on the spring-slider (SS) model (Eq. 13) are shown in blue 
dashed lines.  
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Fig. S20. Fault slip and migration of SCF in a post- and inter-seismic period. (A) 
Postseismic fault slip in the VS region ( z = 21.5  km) in the 3D models and spring-slider 
(SS) models. The three 3D models have different frictional properties at depth (Fig. S19). 
(B) Migration of the SCF (defined here as the depth with a slip rate of 0.1Vmax , where 
Vmax  is the maximum slip rate over the fault at the time) in 3D models and its 
approximation (Eqs. 15-16). We use 105 s (~1 day, marked by black circles) after the end 
of the earthquake as the origin time for the approximate solutions.  
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Fig. S21. Dependence of migration distance of the SCF Dprop  on Δτ eq  and aσ . 

Different combinations of earthquake recurrence interval Tr  (200 and 250 years) and late 
interseismic fault slip rate Vi  ( 0.4Vpl  and 0.7Vpl ) are used in the calculation. Black circles 

(thick lines) indicate the approximate locations in the parameter space for the three 
models M2-L, M2, and M2-H (Tr ≈ 250 yr., Vi  ≈ 0.4Vpl ), and their corresponding 

locations (thin lines) in other plots.  
  

(A) Tr = 250 yr., Vi = 0.7Vpl (B) Tr = 250 yr., Vi = 0.4Vpl

(C) Tr = 200 yr., Vi = 0.7Vpl (D) Tr = 200 yr., Vi = 0.4Vpl
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Table S1. 
Coseismic slip models and catalogues for events that satisfy our selection criteria.  

Event Mw  Fault Slip Model Earthquake Catalogue 

2004 Parkfield 6.0 SAF 
Barbot et al. (16)  
Dreger et al. (37) 

NCSN catalogue* 
Waldhauser and Schaff (34) 

1984 Morgan Hill 6.2 CF 
Beroza and Spudich (42) 
Hartzell and Heaton (43) 

NCSN catalogue 
Waldhauser and Schaff (34) 

1979 Imperial 
Valley 

6.4 IVF See Doser and Kanamori (39) 

1987 Superstition 
Hills 

6.6 SJF 
Larsen et al. (45)  
Wald et al. (46) 

SCSN catalogue  
Hauksson et al. (7) 

1989 Loma Prieta 6.9 SAF** 
Beroza (32) 
Emolo and Zollo (47) 

NCSN catalogue 
Waldhauser and Schaff (34) 

1999 Izmit 7.6 NAF 
Reilinger et al. (4) 
Çakir et al. (48)  

Kandilli catalogue‡ 
Bouchon and Karabulut (25) 

2002 Denali 7.9 Denali 
Elliott et al. (33) 
Oglesby et al. (51)  

AEIC catalogue§ 
Ratchkovski et al. (52) 

2001 Kokoxili 7.9 Kunlun Lasserre et al. (53)  ISC catalogue || 

1906 San 
Francisco¶ 

7.8 SAF 
Wald et al. (56)  
Song et al. (57)  

Waldhauser and Schaff (34) 

1857 Fort Tejon¶ 7.9 SAF N/A Hauksson et al. (7) 

* Northern California Seismic Network (NCSN) (www.ncedc.org/ncedc/)  
† Southern California Seismic Network (SCSN) (service.scedc.caltech.edu/eq-catalogs/)  
‡ Kandilli Observatory And Earthquake Research Institute (www.koeri.boun.edu.tr)  
§ Alaska Earthquake Information Center (AEIC) (www.aeic.alaska.edu)  
|| International Seismological Center (ISC) Bulletin (www.isc.ac.uk/iscbulletin/)  
¶ Only observed seismicity in the recent late interseismic period  
** The event occurred on a fault adjacent to the main branch of the SAF.  
SAF: San Andreas Fault; CF: Calaveras Fault; IVF: Imperial Valley Fault; SJF: San 
Jacinto Fault; NAF: North Anatolian Fault. 
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Table S2. 
Calendar years for historical and prehistorical earthquakes (after A.D. 1000) on the SAF 
and SJF.  

Fault Segment  
(Trench Site*)  

Studies Calendar Years of Earthquakes 

Cholame  
(Las Yeguas) 

Young et al. (60) 1030-1460 (1245†), 1857 

Carrizo  
(Bidart Fan) 

Ludwig et al. (61) 
Akciz et al. (65)  

1360-1452 (1417), 1450-1475 (1462), 
1510-1612 (1565), 1580-1640 (1614), 
1631-1823 (1713), 1857 

Mojave 
(Wrightwood) 

Biasi et al. (71) 

Fumal et al. (72) 

957-1056 (1016), 1047-1181 (1116), 
1191-1305 (1263), 1448-1518 (1487), 
1508-1569 (1536), 1647-1717 (1685), 
1812, 1857 

San Bernardino  
(Plunge Creek) 

McGill et al. (74) 1293-1708 (1450), 1513-1729 (1630) 

Palm Springs    
(Burro Flats) 

Yule et al. (75) 
1300-1450 (1375), 1400-1550 (1475), 
1500-1850 (1690?) 

Coachella 
(Coachella) 

Philibosian et al. 
(76) 

1090-1152 (1140), 1275-1347 (1300), 
1320-1489 (1420‡), 1588-1662 (1630), 
1657-1713 (1690)  

Northern San 
Jacinto (Mystic 
Lake) 

Onderdonk et al. 
(77, 78)  

1273-1419 (1342), 1403-1445 (1428), 
1521-1616 (1574), 1665-1820 (1698), 
1744-1853 (1837), 1850-1940 (1895) 

Southern San 
Jacinto (Hog Lake) 

Rockwell et al. 
(79) 

1028-1144 (1080), 1118-1267 (1193), 
1267-1315 (1289), 1280-1362 (1311), 
1303-1389 (1357), 1535-1627 (1577), 
1723-1797 (1761), 1918 

 
* Representative trench sites for the dating of paleoseismic events.  
† Median or mean value of the earthquake calendar age. 
‡ Possible event not shown in Fig. 3.  
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Table S3. 
Parameters for our fault models. 

Parameter Symbol Value 

Along-strike fault length λx  100 km 

Along-dip fault length λz  40 km 

Rate-and-state VW region length Lseis  60 km 

Rate-and-state VW region width Wseis  12 km 

Cell size Δx  40 m 

Plate loading rate Vpl  32 mm/yr 

P wave speed Vp  5.2 km/s 

S wave speed Vs  3.0 km/s 

Shear modulus µ  30 GPa 

Poisson's ratio ν  0.25 

Normal stress for depths over 3 km σ 0  50 MPa 

Reference coefficient of friction f *  0.6 

Reference slip velocity V *  10-6 m/s 

Rate-and-state properties in main VW regions 
a  0.015 

b  0.019 

L  4 mm 

Rate-and-state properties in VW patches 
a  0.011 

b  0.018 

L  3 mm 

Half width of shear zone w  10-2 m 

Hydraulic diffusivity in DW regions α hy  10-4 m2/s 

Thermal diffusivity in DW regions α th  10-2 m2/s 
Undrained Δp / ΔT  Λ  0.1 MPa/K 
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Movie S1 
Long-term simulations of earthquakes and aseismic slip in a fault model with large 
earthquake ruptures confined to the seismogenic zone (model M1). The movie illustrates 
the abundance of microseismicity around the locked-creeping transition before and after a 
large event in the model. (Top panel) The distribution of fault slip rates in color on a 
logarithmic scale, with the simulated time shown above the panel. The white dashed 
rectangle indicates the rheological transition between the VW and VS regions, and white 
circles represent VW patches that favor nucleation of microseismicity. The time steps are 
adaptive - smaller during earthquakes and larger for post- and inter-seismic periods. 
(Bottom panel) Time evolution of the depth of seismicity (orange circles), average shear 
stress on the fault (τ mean , red line) and the logarithmic maximum slip rate on the fault 
(Vmax , blue line). The red dashed line indicates the static strength of the fault ( foσ ).  

 

Movie S2 
Long-term simulations of earthquakes and aseismic slip in a fault model with large 
earthquake ruptures penetrating below the seismogenic zone (model M2). The movie 
illustrates seismic quiescence before and after a large event. All conventions follow 
Movie S1.  
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