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1. What is the physical behavior of this “gap”?

2. How deep can the megathrust rupture go?
Can it propagate in the gap? 

in the ETS region?
[e.g., Hyndman & Wang (1995), Flück et al. (1997), 
Dragert et al. (2004), Chapman & Melbourne (2009), 
Wech & Creager (2011), Hyndman (2013)]
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Looking at “long-term” deformation
Horizontal GPS rates

9



Looking at “long-term” deformation
Horizontal GPS rates + tide-gauge & leveling uplift rates
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Forward rate-state friction models of SSE
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Forward rate-state friction models of SSE fit the GPS data 

Fit to the average GPS horizontal displacements
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Averaged over many ETS cycles, stress within the slow slip 
zone (30-40km) is nearly constant



Same rate-state friction models of the interseismic slip rate 
do not fit the long-term rates
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Physics-based models predict too much locking in the gap, 
up dip the ETS region. Why? 

- Bias due to use of homogeneous half-space Green’s functions ? 
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Gap creeping due to velocity-strengthening friction 
behavior ?
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Gap creeping due to velocity-strengthening friction 
behavior ?
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Physics-based models predict too much locking in the gap, 
up dip the ETS region. Why?

- Bias due to use of homogeneous half-space Green’s functions ? ❌
- Gap creeping due to velocity-strengthening friction behavior ? ❌
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Physics-based models predict too much locking in the gap, 
up dip the ETS region. Why?

- Bias due to use of homogeneous half-space Green’s functions ? ❌
- Gap creeping due to velocity-strengthening friction behavior ? ❌

Which slip rate distribution is required by the data?
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Inversion of the 
residuals from 
the starting 
physics-based 
models
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Physics-based models predict too much locking in the gap, 
up dip the ETS region. Why?

- Bias due to use of homogeneous half-space Green’s functions ? ❌
- Gap creeping due to velocity-strengthening friction behavior ? ❌

Which slip rate distribution is required by the data?
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Physics-based models predict too much locking in the gap, 
up dip the ETS region. Why?

- Bias due to use of homogeneous half-space Green’s functions ? ❌
- Gap creeping due to velocity-strengthening friction behavior ? ❌

Which slip rate distribution is required by the data?

Larger slip rates are necessary within both the gap and the ETS zone 
relative to the physics-based model with constant shear stress
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Inversions for interseismic shear stress rates find negative 
shear stress rates to explain the large slip rates in the gap 
and the ETS region [Bruhat & Segall, 2016]

Inverted shear stress rates (kPa/yr) Corresponding slip rate profile (mm/yr)
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a) Inverted shear stress rates (kPa/yr) c) Predicted velocities
● Horizontal rates (Variance Reduction = 96.0%)

● Vertical rates (Variance Reduction = 95.9%)b) Corresponding slip rate profile (mm/yr)
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Inversions for interseismic shear stress rates find negative 
shear stress rates to explain the large slip rates in the gap 
and the ETS region [Bruhat & Segall, 2016]

Inversions for solutions as close as possible to constant stress
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Rate & State friction 
numerical models

Inversions for shear 
stress rates

Fit the average ETS 
displacements 

Fit the long-term rates

No change in shear 
stress in the ETS region

Require negative shear 
stress rates within the 

gap & ETS region

Change with time in 
effective stress? Fault 

strength? 
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Implicit assumption

Can the interseismic transition depth change with time? 

Locking depth
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1 Summary

Most inversions consider the depth distribution of interseismic fault slip-rate to be time invari-
ant. However, some numerical simulations show down-dip penetration of dynamic rupture into
regions with velocity-strengthening friction, with subsequent up-dip propagation of the locked-
to-creeping transition. We propose to explore this hypothesis by developing and testing crack
models to describe creep penetration upward into the locked region. Although these models are
not fully physics-based they are amenable to Monte Carlo inversion of geodetic data, and may be
more appropriate to explaining interseismic slip rates for some fault segments. We then propose
to apply these models to interseismic GPS data along the San Andreas fault (SAF) system.

2 Introduction

The simplest 2D model of interseismic deformation is a single screw dislocation, with the fault
locked to some depth, but freely slipping below (Savage and Burford , 1970). Using this simplified
model, kinematic inversions of geodetic surface rates have, for decades, been used to estimate
the locking depth, presumed to delimit the deep extent of the seismogenic region. More realistic
models involve some smoothing of the locked to creeping transition, but almost all kinematic
inversions assume that the slip-rate distribution is stationary in time. More physically motivated
models are exceptions (e.g. Johnson and Segall , 2004; Takeuchi and Fialko, 2012; Hearn and
Thatcher , 2015).

Recent work with physic-based earthquake cycle simulators have drawn this assumption into
question. Noting the absence of micro seismicity at the base of the Carrizo Plain segment of the
SAF, Jiang and Lapusta (2016) proposed that strong dynamic weakening promotes dynamic rup-
ture into the velocity-strengthening region, pushing down the locked-creeping transition. During
the interseismic period, this transition slowly migrates upward over time. As creep penetrates
into the locked region, a stress concentration builds at the velocity weakening/strengthening
transition, possibly triggering earthquakes there. Similar behavior has been observed with quasi-
dynamic simulations with thermal pressurization (Segall and Bradley , 2012a), where slow slip
events gradually propagate into the locked zone between megathrust events. Even conventional
rate-state models without strong dynamic weakening exhibit upward penetration of the locked-
creeping transition, over lengths that scale with d

c

.
Consider a crack of length a driven from below by steady creep at long-term rate v1. Slip is

defined in terms of the deep displacement v1t, and a depth dependent function f(z):

s(z, t) = f(z, t)v1t (1)

The instantaneous slip-rate is

ds

dt
= f(z, t)v1 + v1t

@f

@t
= f(z, t)v1 + v1t

@f

@a

@a

@t
. (2)

Only if the shape function f(z, t) is time invariant is the slip-rate also time invariant, ds/dt =
f(z)v1. More generally, propagation of the creeping zone, @a/@t, leads to an additional term
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Temporal evolution of the locking depth 
Numerical simulations from Jiang & Lapusta (2016)
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Locking depth

The locking depth migrates up dip à the size of the locked region reduces w/ time



Crack model for the interseismic slip profile

Expand stress drop in 
Chebyshev polynomials:

Spatial 
variable
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Spatial variable

For a crack with finite stress at the crack tip 
and driven by steady displacement:

Slip 

Slip rate
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Propagation effect

Crack model for the interseismic slip profile
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Effect of the propagation

time

37



New method to derive expressions for stress drop, slip and slip rate  

Ø Allows for the up dip propagation of the creeping region

Ø Massively underdetermined (as most geodetic inversions)

Ø Can be used to invert deformation rates using MCMC methods under specific 
assumptions (ci = 0, stress characteristics in the ETS region, etc.) to look for extremal 
models (e.g., bounds on propagation speed) 

Ø Examples for Cascadia

Crack model for the interseismic slip profile
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Application to Cascadia
Non propagating crack, invert for ci (N=6)

Best fitting model (MCMC inversion)
Locking depth: 20.5km
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Application to Cascadia
Propagating crack

Best fitting model (MCMC inversion)
Locking depth: 21km

Up-dip propagation velocity: 33.4m/year
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Application to Cascadia
Posterior distributions
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Application to Cascadia
Models w/ no change in shear stress in the ETS region

Minimizing                                subject to 

Equations for AGU slides

⇠(t) =
z

a(t)
(161)

�⌧ =
1X

i=0

c
i

(t)T
i

(⇠(t)) (162)

�⌧ = µ
v1t

a(t)⇡
⇠(t) + µ

1X

i=2

c
i

(t)T
i

(⇠(t)) (163)

s = tg(⇠(t)) + a(t)
1X

i=2

c
i

(t)f
i

(⇠(t)) (164)

ds

dt
= g(⇠(t)) + a(t)

1X

i=2

@c
i

(t)

@t
f
i

(⇠(t)) +
@a

@t

"
t
u(⇠(t))

a(t)
+

1X

i=2

c
i

(t)v(⇠(t))

#
(165)

�⌧ = µ
v1t

a(t)⇡
⇠(t) (166)

s = tg(⇠(t)) (167)

ds

dt
= g(⇠(t)) +

@a

@t
t
u(⇠(t))

a(t)
(168)

||⌃�1/2(d� d̂)|| s
@�⌧

@t
(⇠ = ETS) = 0 (169)

27

Equations for AGU slides

⇠(t) =
z

a(t)
(161)

�⌧ =
1X

i=0

c
i

(t)T
i

(⇠(t)) (162)

�⌧ = µ
v1t

a(t)⇡
⇠(t) + µ

1X

i=2

c
i

(t)T
i

(⇠(t)) (163)

s = tg(⇠(t)) + a(t)
1X

i=2

c
i

(t)f
i

(⇠(t)) (164)

ds

dt
= g(⇠(t)) + a(t)

1X

i=2

@c
i

(t)

@t
f
i

(⇠(t)) +
@a

@t

"
t
u(⇠(t))

a(t)
+

1X

i=2

c
i

(t)v(⇠(t))

#
(165)

�⌧ = µ
v1t

a(t)⇡
⇠(t) (166)

s = tg(⇠(t)) (167)

ds

dt
= g(⇠(t)) +

@a

@t
t
u(⇠(t))

a(t)
(168)

||⌃�1/2(d� d̂)|| s
@�⌧

@t
(⇠ = ETS) = 0 (169)

27

Stress rates do take into account the free surface effects
Assuming ∂ci/∂t = 0
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Best fitting model (MCMC inversion)
Locking depth: 21.9km
Up-dip propagation velocity: 41m/year

Application to Cascadia
Models w/ no change in shear 
stress in the ETS region
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Rate & State friction 
numerical models

Inversions for shear 
stress rates
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stress in the ETS region

Require negative shear 
stress rates within the 

gap & ETS region

Change with time in 
effective stress? Fault 

strength? 
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Conclusions:

u New method to estimate interseismic slip rates
u Include the possibility for the creeping zone to propagate up dip
u Between purely kinematic inversions and fully physics-based models

u Possible mechanical explanations
u Gap “locked” after deep rupture propagation, interseismic transition propagating up 

due to reloading by deep creep [Jiang & Lapusta, 2016] ?

u For Cascadia: current (?) locking depth (20-22km),  steep slip rate gradient at 
bottom of the locked region, and important slip deficit in gap & ETS region

Questions? lbruhat@stanford.edu

Funding from:
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