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Figure 5. Microscope image of a portion of the shear zone after testing, under plane polarized

transmitted light. Note the brown, very fine grained gouge layer within the shear zone, with

possible Reidel shears (pointed out by arrows) running through it, indicative of primarily brittle

deformation.
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Field geology & laboratory view of a major crustal fault 
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Mylonite zone (Ontario, Canada) 
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Ductile softening mechanisms 

l  Thermo-mechanical coupling 
l  Grain size reduction 
l  Foliation / fabric development  
l  Mineral alteration 
l  Pressure solution 
l … 

All lead to the development of shear zones and 
strength reduction 



ε1 < ε2

σ ∝ ε No! 



Surface velocity due to a strike-slip fault 
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Figure 2. Shear modulus computed from the SCEC regional velocity model CVM-H 6.3

[Suess and Shaw , 2003; Plesch et al., 2009], with relocated seismicity (black dots) [Lin

et al., 2007] and geometry of locked faults in our preferred model (black lines).
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Figure 3. Best-fitting model predictions compared to the geodetic data: (a) Simple ge-

ometry, homogeneous domain. (b) Simple geometry, heterogeneous domain. (c) Proposed

fault geometry includes active CF and dipping SAF, model shown is in a homogeneous

domain. (d) Inferred locking depths compared to seismicity [Lin et al., 2007]. Elsinore

fault (EF) is fixed at 15 km depth and 3 mm/yr slip rate in all models.

Lindsey & Fialko 2013 
 

Southern San Andreas Fault 
 



Savage and Burford, 1973 
Turcotte and Spence, 1974 

Elsasser, 1969 
Savage and Prescott, 1978 

                  
“Fault-block vs Viscous sheet” 

“Crème Brûlée vs Jelly Sandwich” 
“Bottom-driven vs Side-driven” 

vs 

Li and Rice, 1987 
Johnson and Segall, 2004 

Geodetic slip rates and 
fault locking depths 
depend on model 
assumptions 

Difference between the 
models results from 
oversimplified model 
assumptions? 



Earthquake cycles on a rate-and-state fault 

Tse and Rice, 1987 
Lapusta et al., 2001 

Kaneko and Fialko, 2011 



surface velocity 

slip rate 



vs 



elastic 

Governing equations 

σ ij, j = 0 conservation of momentum 

kT,i( ),i +σ ij εij = cρ T conservation of energy 

εij = F σ ij( ) ij constitutive relationship 

ε = εe + εv =
1
2µ
σ + 1
2η σ ,T( )

σ

viscous 



Effective rheology 

dislocation 
   creep 

ij

εv = εD + εG = ADσ
nD + AGd

−mσ nG

d = d0σ
−r

diffusion 
  creep 

equilibrium grain size 

Assuming that the equilibrium grain size is attained when 

R = εD εG ~O(1) de Bresser et al. (1998; 2001) 
Montesi and Hirth (2003) 

εv = 1+1 R( )AD T( )σ nD

nD ~ 3
nG ~1
m ~ 3
r ~1



Yuen et al., 1978; Fleitout and Frodivaux, 1980; 
Turcotte and Schubert, 2002 

velocity 

temperature 

viscosity 

Thermo-mechanical coupling in power-law materials  
with Arrhenius temperature dependence 
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Yuen et al., 1978; Fleitout and Frodivaux, 1980; 
Turcotte and Schubert, 2002 

velocity 

temperature 

viscosity 

Thermo-mechanical coupling in power-law materials  
with Arrhenius temperature dependence 

k ∂
2T
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~ !εσ

!ε = Aσ n



velocity 

temperature 

viscosity 

Thermo-mechanical coupling in power-law materials  
with Arrhenius temperature dependence 

k ΔT
D2 ~ A

−1 n !ε 1+1 n( )

!ε∝ u0
D

D width of the shear zone 
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stress 

Model “spin-up”: 20 Ma of 
steady slip followed by eq 

cycles 
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Shear stress 

Takeuchi and Fialko, 2012 
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Figure 3

Model “spin-up”: toward cycle-invariant stress  
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Water content does not affect 
stress in the lithosphere, but 
does affect the effective 
thickness 



Constraints from the rock record 

G. Hirth 

Behr and Platt, 2011 
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Stress in the lithosphere as  
a function of plate velocity: 
“faster” = “weaker”  

σ ∝ ε ! -1 
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Effect of the model size 



Heat flow data 
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Takeuchi and Fialko, 2013 



Takeuchi and Fialko, 2013 



Pollitz et al., 2000; 2001 

Post-seismic  
deformation due to  
the Mojave desert eqs 

Takeuchi and Fialko, 2013 



Postsesimic velocities due to a finite strike-slip fault 

Afterslip Visco-elastic relaxation 



Takeuchi and Fialko, 2013 
ηeff =

σ
2 !ε

Effective viscosity after 20 Myr spin-up 

Dry Wet 



Effective rheology 

dislocation 
   creep 

ij

εv = εD + εG = ADσ
nD + AGd

−mσ nG

d = d0σ
−r

diffusion 
  creep 

equilibrium grain size 

Assuming that the equilibrium grain size is attained when 

R = εD εG ~O(1) de Bresser et al. (1998; 2001) 
Montesi and Hirth (2003) 

εv = 1+1 R( )AD T( )σ nD

nD ~ 3
nG ~1
m ~ 3
r ~1



Grain size evolution 

dislocation 
   creep 

ij

!εv = !εD + !εG = ADσ
nD + AGd

−mσ nG

diffusion 
  creep 

static grain growth 

de Bresser et al. (1998; 2001) 
Hall and Parmentier (2003) 

nD ~ 3
nG ~1
m ~ 3
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!d− = −λd !εG dynamic recrystallization 



Effect of dynamic recrystallization 
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    Dynamic  
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strain rate 
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Figure 5: Profiles of fault-parallel velocity at depth of 20 km, for the deformation mechanisms
illustrated in Figure 4: grain size evolution (red line), thermomechanical coupling (blue line),
and a combination of the grain size evolution and thermomechanical coupling (green line).

deformation by di↵usion and dislocation creep. All models assume an initial geotherm of

20�C/km. The initially one-dimensional temperature field is modified by shear heating and

heat conduction in models (b) and (c). Initial grain sizes are 1 mm for models (a) and (c).

Each model exhibits development of a shear zone below the elastic layer, with most intense

strain located within 30 km of the fault plane (horizontal coordinate of 0). Models incorpo-

rating grain size evolution (a and c) show a significant delocalization of deformation towards

the bottom of the domain, owing to the relatively high temperatures and enhanced grain

growth (equation 6) at depth. Notably, the model combining grain size evolution and ther-

momechanical coupling (model c) shows robust localization within ⇠3 km of the fault plane

in the depth interval ⇠12-30 km. Localization in this region is more pronounced relative to

that in models accounting for the grain size evolution or thermomechanical coupling alone

(Figure 5). In fact, the degree of strain localization in this case appears to be limited by the

mesh size, and we expect it to be even more pronounced upon a suitable mesh refinement.

Our preliminary results shown in Figures 4 and 5 suggest that thermomechanical coupling

and grain size reduction can work in concert to enhance strain localization in the lower crust

and the upper mantle.

Calculations shown in Figures 4 and 5 are representative of the oceanic lithosphere, given

the assumed composition (olivine). Indeed, they reveal plate-like behavior, with deformation

localized in relatively narrow shear zones, and little or no deformation in between the shear

zones, in agreement with kinematics of oceanic plates [e.g., Turcotte and Schubert , 2002].

We will investigate how the deformation style in the ductile substrate will change depending

11

Strain localization at 20 km depth 



Foliation 

Strain-induced separation 
of weak and strong 
mineral phases;  
development of 
anisotropic fabric  

!εtot = !εi
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∑ φi
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Anorthite, wet

Diopside, wet

Two−phase mixture, wet

Figure 2: E⇥ective viscosities corresponding to the dislocation creep for pure wet anorthite
(blue), pure wet diopside (red), and a wet 50% anorthite-50% diopside mixture (green) over
a range of shear stresses at a temperature of 500�C. Flow law parameters were taken from
Dimanov and Dresen [2005].

where ⌥w and ⌥s are the volume proportions of the weak and strong phases, respectively,

and ⌥a is the volume proportion of the aggregate rock. To illustrate this formulation, we

use laboratory-derived constitutive relations for synthetic anorthite-diopside aggregates [Di-

manov and Dresen, 2005], which have been used as a proxy for lower crustal rocks of gabbroic

composition [e.g., Mehl and Hirth, 2007]. Dimanov and Dresen [2005] presented dislocation

and di⇥usion creep flow law parameters (equation 9) for pure anorthite, pure diopside, and

two-phase mixtures with various volume proportions of each phase. Using these parameters,

we may calculate the e⇥ective viscosity of the phases for a given stress and temperature

(Figure 2).

Figure 3 shows the distribution of velocity across a simulated volume of a material

comprised of three di⇥erent laminated rheologies; 0-10 cm: 5 cm pure wet anorthite and

5 cm pure wet diopside (fully laminated rheology- ⌥w=0.5, ⌥s=0.5, ⌥a=0); 10-20 cm: 2.5

cm pure wet anorthite, 2.5 cm pure wet diopside, 5 cm wet 50% anorthite-50% diopside

mixture (partially laminated rheology- ⌥w=0.25, ⌥s=0.25, ⌥a=0.5); 20-30 cm: 10 cm wet

50% anorthite-50% diopside mixture (unlaminated rheology- ⌥w=0, ⌥s=0, ⌥a=1), subjected

to a shear stress of 10 MPa and a temperature of 500�C. Though the total composition of

the rock (50% anorthite and 50% diopside) is preserved within each 10 cm band, greater

deformation occurs in regions with high volume proportions of weak anorthite. If we assume

8

Aggregate vs individual phase rheologies 

flow law parameters from Dimanov and Dresen (1995) 
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Figure 3: Distribution of velocity across a 30 cm-thick layer of simulated material composed
of three laminated rheologies: 0-10 cm: 5 cm pure wet anorthite (blue) and 5 cm pure wet
diopside (red); 10-20 cm: 2.5 cm pure wet anorthite (red), 2.5 cm pure wet diopside (blue), 5
cm wet 50% anorthite-50% diopside mixture (green); 10 cm wet 50% anorthite-50% diopside
mixture (green), subjected to a shear stress of 10 MPa at a temperature of 500�C. All phases
deform by dislocation creep, with flow law parameters from Dimanov and Dresen [2005].

that the volume proportions for each phase vary either (i) as a function of distance from the

fault (time-invariant distribution) or (ii) as of function of total strain (in this case, the volume

proportions would evolve during the simulation), deformation will localize in proportion to

the degree of phase separation.

Work plan

The proposed numerical experiments will systematically explore the weakening mechanisms

discussed in the previous section by introducing additional layers of complexity on the

methodology already implemented in Takeuchi and Fialko [2012] and Takeuchi and Fialko

(submitted). Most of our models will assume an infinitely long vertical strike-slip fault. The

models will be “spun-up” by applying the assumed long-term fault slip rate both on the

far-field boundaries of the model domain, and on the fault in the elastic crust, for a duration

of 20 Myr, or until the computed stresses and strain rates have reached steady state.

Initially, we will assume the “San Andreas-like” slip rate of 40 mm/yr, to allow direct

comparisons with simulations accounting for thermomechanical coupling alone [Takeuchi

9

Deformation (and strength) is controlled  
by the weakest phase 

flow law parameters from Dimanov and Dresen (1995) 



Scholz, 1988 

Where is the transition between frictional  
          sliding and viscous flow? 

? 



Calico	  FZ	  
tomography	  
experiment	  

Cochran et al., 2009 

width ~ 1.5 km 
G’/G ~ 50% 
depth > 5 km 



width ~ 2-3 km 
G’/G ~ 30-50% 
depth > 5 km 

Hamiel and Fialko, 2007 

1999 M7.6 Izmit (Turkey) 
earthquake: “backward” 
displacements on nearby 
Mudurnu Valley and Iznik faults 

Figure 9. A comparison between the average residual LOS displacements (gray circles) from ERS-1
and ERS-2 interferograms and the calculated displacements from the three-dimensional finite element
model along profile A-A0. Calculated curves for different (a) width (W), (b) length (L), and (c) shear
modulus (G) of the fault zone. The gray areas indicate the locations of the 3-km-wide modeled fault zone,
and the black lines indicate the locations of the geologically mapped fault trace. The best fitting curves
correspond to fault zones that are 2–3 km wide; extend to the depth of 10–20 km, and have shear moduli
ratio of !1/3. (d) The predicted horizontal and vertical deformation projected to the LOS direction for the
case of W = 3 km, L = 10 km, and G / G0 = 1/3. This figure indicates that the normal and shear stress
changes contribute equally to the total displacements along profile A-A0.

Figure 10. A comparison between the residual LOS displacements from ERS-1 (black circles) and
ERS-2 (gray triangles) interferograms and the calculated displacements from the three-dimensional finite
element model along profile B-B0. The gray area indicates the location of the 3-km-wide modeled fault
zone, and the black line indicates the location of the geologically mapped fault trace. The calculations are
for a fault zone that extends to the depth of 20 km and has shear moduli ratio of 1/3. The different
theoretical curves represent different fault zone width (2 and 3 km).
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the Aegean Sea to Karliova triple junction (Eurasia-Anatolia-
Arabia) in Eastern Turkey, where it intersects with the East
Anatolian Fault. The NAF defines the northern boundary of
the Anatolian plate and accommodates the relative right-
lateral motion between the Eurasian and Anatolian plates
[e.g., Sengör et al., 1985; Armijo et al., 1999]. The 17 August
1999, Izmit earthquake (Mw 7.4 from long-period seismic
wave data), which ruptured the western portion of the NAF
(Figure 1), was the largest earthquake in Turkey over the last
60 years. It was also the latest in a sequence of seven large
earthquakes with mostly westward rupture migration along
the NAF, starting with the 1939 Erzincan earthquake [e.g.,
Stein et al., 1997]. Less then 3 months later, the Izmit
earthquake was followed by the 12 NovemberMw 7.2 Düzce
earthquake that ruptured a neighboring fault segment to the
east of the Izmit rupture. It was suggested by Stein et al.
[1997] and others that this sequence of earthquakes can be
explained by a transfer of stresses from the ruptured fault
segments to the adjacent segments. Calculations of stress
triggering indicate that the segment below the Marmara Sea
just west of the Izmit fault was brought closer to failure after
the 1999 Izmit earthquake [e.g., Barka, 1999], which leads to

increases in the probability of strong shaking in the Istanbul
metropolitan area [Parsons et al., 2000].
[4] The 17 August 1999 Izmit earthquake has been subject

to several geodetic studies. Reilinger et al. [2000] and
Burgmann et al. [2002] used Global Positioning System
(GPS) observations to determine the coseismic and post-
seismic slip distribution along the fault. They argued that
rapid afterslip mostly below the seismogenic zone best
explains the observations of postseismic deformation and
suggested that this rapid afterslip might have helped
trigger the nearby 12 November Mw 7.2 Düzce earthquake.
Hearn and Burgmann [2005] used the coseismic GPS data of
Izmit earthquake to study the role of depth-dependent elas-
ticity on the slip model. Studies of the coseismic fault slip due
to the Izmit earthquake employed joint inversions of GPS and
InSAR data [Feigl et al., 2002; Cakir et al., 2003], as well as
teleseismic and strong motion data [Delouis et al., 2002].
Cakir et al. [2003] used InSAR andGPS data along with field
observations to estimate the coseismic and early postseismic
slip on and below the seismic rupture. The inference of rapid
afterslip mostly near the base of the seismogenic zone is in
agreement with the work of Reilinger et al. [2000] and
Burgmann et al. [2002]. Wright et al. [2001] used InSAR

Figure 1. Topographic and tectonic map of the Izmit area. The ‘‘beach ball’’ indicates the location of
the epicenter and focal mechanism of the Izmit earthquake. The thick black line represents the ruptured
segments during the Izmit earthquake. Other faults in the area are shown by thin black lines. The dotted
box outlines the ERS radar scene for the ascending orbit (track 157) used in this study.
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Wright et al., 2001 



San Jacinto: compliant fault zone 
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• Inferred modulus reduction 30 - 40% within 2km, 
smaller reductions may extend as deep as 10km 
 • Increases local strain rate by 40 - 50% 
 

Lindsey et al., 
I2013 



Southern San Andreas: localized vs distributed surface creep 

Lindsey et al., 
In review 



distribution of plastic strain"

Kaneko and Fialko, I2011 



Scholz, 1988; 2002 

Fault zone architecture 

shaken, not stirred 



Conclusions 
l  Lab-derived rheologies give rise to permanent 

localization of strain in deep “roots” of major strike-slip 
faults 

l  The shear zone width in the ductile substrate inversely 
depends on the fault slip rate and the effective 
viscosity of the substrate 

l  Ductile strength of the lithosphere is of the order of 
~50 MPa, only weakly dependent on composition, 
water content, and geotherm – in good agreement with 
petrologic data 

l  Thermally weakened shear zones (result of 
thermomechanical coupling) have little effect on 
postseismic deformation 


