Standard rate-and-state only Standard rate-and-state & thermal pressurization Initial shear stress

(B)(C) (B)(C) (D)  (E) (B)(C) (D)  (E)
(A) 1 T T 8 T ’(-“\ 25 T T T T
1l o
= -6 1 = 20f
% % 4 1 &1 [T ]
— B \ T —
2 ® 1 % 10} | ]
2 1
: i |
0 o0\ I 0 5 0 | I I I
-15 -10 -5 0 -15 10 15 -15 -10 -5 0 5 10 15
Distance along fault (km) Distance along fault (km) Distance along fault (km)
(2) o5 ;_ﬂ? 25 16
o z=-10.5km I =-105km | @ _ [ Localsliprateduring z=-10.5km ]
= 20 2 20 g 121 rupture with TP 1
2 15 @ 151 G=13MJ/m?{ G T 1
2y 2 10t | ® 8 Long tail 1
s 0 @ 0 2 4 at seismic slip rates
g 5t G=0.10 MJ/m? 3 5} 1 & [ ]
& 0 » 0 0
0 0.1 0.2 0 2 4 6 0 2 4 6 8 10 12 14
©) Slip (m) Slip (m) Time since rupture arrival (s)
o5 T 25 16
g |\ - 9.6 km = =-9.6 km 2 [ -96km |
s 20 Z= . = 20t - . 1 E 12} Z= . i
~ n | _ 2 ~ - 4
3 15 @ 15 G =12MJ/m g f ]
o o
=10 % 10f 1 = | 1
g 51 G=013 MJ/m? S s5f 1 & 4 1
% o % 0 0
0 0.1 0.2 0 2 4 6 0 2 4 6 8 10 12 14
Slip (m) D) Slip (m) Time since rupture arrival (s)
3 Cooa ol . = 25 16
> ocal slip rate during S . = L o |
F= 5 rupture with only RS = 201 z=-Tkm 1 € 12} z=-1km
o) z=-10.5 km % 151 G:18 MJ/m2 7 Q : :
© o s 8
—_ 1 _‘3 10 F E —_ L B
= 2 o 4l ]
0 s 5f 11 %) L i
0 % 0 0
0 1 0 2 4 6 0 2 4 6 8 10 12 14
Time since rupture arrival (s) ©® Slip (m) Time since rupture arrival (s)
3 = 25 16
2 , z=-9.6 km %20- z=5km | ¢ 12} z=5km 1
5 7 15} G=24MI/m*{ & Gl :
© o o
- 1 _(7) 10 F E — L 4
=X 2 2 4l ]
%) S 57 4 1 @ L _
0 % 0 0
0

0 1 2 4 6 0 2 4 6 8 10 12 14
Time since rupture arrival (s) Slip (m) Time since rupture arrival (s)

Figure 8. Comparison of accumulated slip, local shear stress vs. slip and local slip rate vs. time for ruptures with rate-and-state (RS)
friction with and without enhanced weakening due to thermal pressurization (TP). The two ruptures occur with the same initial shear stress
distribution (top right), which results in a relatively small rupture in the RS-only model that is localized within the relatively highly prestressed
nucleation region (top left) The inclusion of TP allows the rupture to grow and propagate over lower prestress conditions (top center). (Left
column) For the rupture governed by only RS, the breakdown of shear resistance is generally comparable at different locations with the same
fault properties, despite differences in local slip rate. This is due to the relatively mild dependence of RS friction on slip rate. (Center and
right columns) The rupture governed by RS and TP exhibits a more complex evolution of local shear stress and slip rate throughout the
rupture, which depends not only on the local prestress but also the prestress and weakening behavior over the entire rupture through dynamic

stress interactions. 24
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Figure 9. Comparison of local breakdown energy for three large earthquake ruptures with nearly the same average breakdown energy and
comparable average slip. (A) Slip distributions for the three ruptures. (B) Average shear stress versus slip curves illustrating the energy
partitioning of the ruptures. (C-E) Local shear stress versus slip curves at three points within the ruptures. There is not a strictly increasing
trend of breakdown energy with slip for all points. In (C), the point z = —4.8 km experiences increasing G with increasing slip. However, in

(E), the point z = 4.8 km experiences lower values of G in ruptures with larger local slip.
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Figure 10. Comparison of the spatial breakdown energy distribution for the three large earthquake ruptures with nearly the same average
breakdown energy and comparable average slip of Fig. 9. (A) Slip distributions for the three ruptures. (B) Spatial distributions of initial
(solid black) and final (solid blue) shear stress for the three ruptures. Gray shading denotes the ruptured region and dashed red and blue
lines indicate the average initial and final shear stresses, respectively. (C) Spatial distributions of the local breakdown energy. While the three
ruptures have comparable average breakdown energy, the spatial variation throughout the rupture process considerably differs. Furthermore,

the same spatial locations can have significantly different breakdown energy values in different rupture events of comparable size.
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Figure 11. The average and local breakdown energy values for the simulated ruptures show an increasing trend with average and local slip,
consistent with inferences from natural earthquakes (Fig. 4). The general trend of increasing breakdown energy with slip qualitatively holds
for local points within our simulated ruptures; however, there is considerable variability for individual values of G at a given slip. For points
that exhibit net weakening behavior in our simulated ruptures (blue circles), local values of G tend to vary within a factor of 3 from the
scaling relationship between average G and average slip. The shaded band bordered by grey dashed lines illustrates the variation in G at a
given value of slip. Local values of GG are more variable for regions that experience a net increase in stress during the rupture process (yellow
circles), e.g., regions close to rupture arrest. Theoretical curves for G vs. slip are indicated by solid lines for Egs. (17) and (21) based on
Rice (2006) and dashed lines for Egs. (22 - 23) based on Viesca and Garagash (2015), with the coefficient of friction of f = 0.53 and values

otherwise indicated in Table 1. In both cases, the magenta and black lines correspond to the solutions for slip on a plane with two different

values of L™ while the green line corresponds to the solution for an adiabatic and undrained shear band of width 20 mm.
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