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[1] We present three-dimensional (3-D) numerical models of postseismic deformation
following repeated earthquakes on a vertical strike-slip fault. Our models use linear
Maxwell, Burgers, and temperature-dependent power law rheology for the lower crust
and upper mantle. We consider effects of viscous shear zones that result from
thermomechanical coupling and investigate potential kinematic similarities between
viscoelastic models incorporating shear zones and elastic models incorporating
rate-strengthening friction on a deep aseismic fault root. We find that the thermally
activated shear zones have little effect on postseismic relaxation. In particular, the
presence of shear zones does not change the polarity of vertical displacements in cases of
rheologies that are able to generate robust postseismic transients. Stronger rheologies can
give rise to an opposite polarity of vertical displacements, but the amplitude of the
predicted transient deformation is generally negligible. We conclude that additional

(to thermomechanical coupling) mechanisms of strain localization are required for a
viscoelastic model to produce a vertical deformation pattern similar to that due to
afterslip on a deep extension of a fault. We also investigate the discriminating power of
models incorporating Burgers and power law rheology. These rheologies were proposed
to explain postseismic transients following large (M7) earthquakes in the Mojave desert,
Eastern California. Numerical simulations indicate that it may be difficult to distinguish
between these rheologies even with high-quality geodetic observations for observation
periods less than a decade. Longer observations, however, may potentially allow
discrimination between the competing models, as illustrated by the model comparisons
with available GPS and interferometric synthetic aperture radar data.

Citation: Takeuchi, C. S., and Y. Fialko (2013), On the effects of thermally weakened ductile shear zones on postseismic
deformation, J. Geophys. Res. Solid Earth, 118, doi:10.1002/2013JB010215.

1. Introduction

[2] Large earthquakes are often followed by spatially
and temporally varying deformation as the Earth’s crust
and mantle respond to stress perturbations produced by
coseismic slip. Imaging of this transient deformation has
dramatically improved in recent years as the density of
GPS and interferometric synthetic aperture radar (InSAR)
observations has increased in both time and space around
seismogenic faults. The primary mechanisms invoked to
explain postseismic deformation include viscoelastic relax-
ation [Elsasser, 1969; Nur and Mavko, 1974; Savage and
Prescott, 1978], aseismic fault creep [Ruina, 1983; Tse
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and Rice, 1986], and poroelastic rebound [Booker, 1974;
Jonsson et al., 2003]. Poroelastic relaxation and shallow
afterslip are upper crustal processes that have predominantly
near-field effects, while deeper afterslip and viscoelastic
relaxation occur mainly in the lower crust and upper mantle
and thus produce broad-ranging surface displacements.

[3] The individual contributions of these mechanisms
to postseismic relaxation following a given event may be
difficult to identify, largely due to the nonuniqueness of
inverse models. For instance, for an infinitely long strike-
slip fault undergoing uniform coseismic displacement, vis-
coelastic relaxation predicts surface deformation that is
indistinguishable from that due to an appropriately con-
figured elastic dislocation model [Savage, 1990]. It was
proposed that in the case of three-dimensional (3-D) defor-
mation due to finite ruptures, the afterslip and viscoelastic
relaxation mechanisms may in principle be distinguished
as these mechanisms predict vertical postseismic velocity
patterns that are opposite in polarity [e.g., Pollitz et al.,
2001]. In addition, viscoelastic relaxation models typically
predict relatively large fault-normal velocities along strike
from a finite strike-slip rupture, while such velocities are
small or absent in afterslip models [Hearn, 2003]. However,
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if multiple mechanisms contribute to postseismic relax-
ation, even high-quality observations may not allow for
robust discrimination between the candidate mechanisms.
For example, postseismic deformation in the Eastern
California Shear Zone (ECSZ) following the 1992 M,7.3
Landers and 1999 M,,7.1 Hector Mine earthquakes has been
ascribed to viscoelastic relaxation [Pollitz, 2003; Freed and
Biirgmann, 2004], a combination of poroelastic relaxation
and afterslip [Peltzer et al., 1998; Fialko, 2004a], poroelas-
tic and viscoelastic relaxation [Masterlark and Wang, 2002],
as well as other mechanisms [Massonnet et al., 1996; Jacobs
etal., 2002].

[4] Afterslip on the deep extension of the rupture plane
may be considered to be kinematically analogous to a nar-
row ductile shear zone, with shear deformation governed
by the constitutive equation for stress-driven frictional after-
slip rather than that for viscoelastic flow [e.g., Barbot et al.,
2009]. Several previous investigations of postseismic relax-
ation have allowed for strain localization in the viscoelastic
medium by incorporating a tabular region of reduced effec-
tive viscosity along the fault root [e.g., Kenner and Segall,
2003; Freed et al., 2007; Hearn et al., 2009]. However,
the introduction of such shear zones into numerical mod-
els is usually ad hoc and neglects details of how such zones
formed in the first place. In a previous study, we demon-
strated that shear heating and thermomechanical coupling
in the ductile substrate give rise to long-lived localized
shear zones beneath mature strike-slip faults [Takeuchi and
Fialko, 2012]. These shear zones participate both in loading
faults interseismically and relaxing coseismic stress pertur-
bations. Here we extend our 2-D results to 3-D finite-rupture
scenarios. We use our models to test the hypothesis that
under assumptions of laboratory-derived rheologies and far-
field loading, a model incorporating highly localized ductile
shear zone produced by shear heating may produce a post-
seismic deformation field similar to that predicted by a
frictional afterslip model. In this case, different patterns
of postseismic deformation might be expected depending
on the effective fault age and slip rate, with afterslip-like
localized viscoelastic shear dominating postseismic relax-
ation in the case of mature faults and diffuse viscoelastic
relaxation dominating in the case of immature faults. We
find that contrary to the hypothesis, thermally induced shear
zones have little effect on postseismic relaxation. It fol-
lows that the degree of shear localization necessary for a
viscoelastic relaxation model to mimic postseismic surface

deformation due to frictional afterslip model requires addi-
tional strain-softening mechanisms.

2. Model Description

2.1.

[s] Most of the numerical simulations presented in this
study were carried out using the finite element soft-
ware Abaqus/Simulia (www.simulia.com/products/abaqus_
fea.html). The model domain is a 600 km (fault normal, x
coordinate) x 600 km (along strike, y coordinate) x 75 km
(vertical, z coordinate) rectangular block (Figure 1). The
domain is composed of three horizontal rheological layers:
a 12 km thick elastic upper crust overlying an 18 km thick
viscoelastic lower crust and a 45 km thick viscoelastic upper
mantle. A 600 km long (v =—-300 to 300 km) vertical planar
fault is introduced within the domain at x = 0. The fault pen-
etrates through the entire upper crust and roots in the lower
crust at a depth of 17 km.

[6] The model domain is discretized into 612,000 ele-
ments, with 34 element layers in the fault-normal direction,
240 layers in the strike direction, and 75 vertical layers.
Fault-normal node spacing decreases toward the fault, from
93.58 km in the far field to 0.5 km on the fault. Along-strike
node spacing varies from 19.57 km in the far field to 0.5 km
for |y| > 35 km; nodes are spaced by 0.5 km within
|y| < 35 km. Nodes are spaced vertically by 1 km.

Geometry

2.2. Rheology

[71 We explored four candidate rheologies of the vis-
coelastic lower crust and upper mantle. Two models incor-
porate linear rheologies for these layers. The first model
incorporates a Maxwell rheology for the entire ductile sub-
strate. The mantle has a viscosity 7, of 1.6 x 107 Pa s,
corresponding to the transient rheology of Pollitz [2003],
and a shear modulus u,, of 70 GPa. The lower crust in this
model has a viscosity 7. of 3.2 x 10! Pa s and a shear modu-
lus p. of 38 GPa. Poisson’s ratio is 0.25 in all model layers.
We refer to this model as MS.

[8] The second model incorporating linear rheology
assumes a biviscous Burgers body rheology, in which
Maxwell and Kelvin viscoelastic elements are in series. This
rheology requires that four parameters be defined: the steady
state and transient viscosities 1; and 7,, and the steady state
and transient shear moduli ©; and w,. Details of the imple-
mentation of the Burgers rheology via the material’s shear
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Table 1. Laboratory-Derived Material Properties of Rocks

Rock Type A (MPa”s') n  Q(kImol!) p(kgm™) Ref.
Dry diabase 8.0 4.7 485 2850 a
Wet diabase 22x10* 3.4 260 2850 b
Dry olivine 1.1 x 10* 3.5 535 3320 c
Wet olivine 3.6 x10° 3.5 480 3320 c

2Mackwell et al. [1998].
bShelton and Tullis [1981].
°Hirth and Kohlstedt [2004].

relaxation modulus may be found in Appendix A. We select
Burgers parameters 7, = 4.6 x 10'® Pa's, n, = 1.6 x 107
Pa's, uy = 70 GPa, and u, = 70 GPa, which were the
best-fitting values of Pollitz [2003] for the rheology of the
mantle beneath the Mojave Desert, California. We also use
the best-fitting model of Pollitz [2003] for the lower crust,
which incorporates a Maxwell rheology with a viscosity
ne = 3.2 x 10" Pa s and a shear modulus . = 38 GPa (this
value represents an average of the depth-varying shear mod-
ulus of Pollitz [2003] over our lower crustal depth range of
12-30 km). The lower crust for the biviscous-mantle model
and the Maxwell-mantle model is thus identical. Poisson’s
ratio is 0.25 for all materials in the biviscous-mantle model.
We refer to this model as BI.

[v] The remaining two models incorporate nonlinear,
temperature-dependent rheology. In these models, the devi-
atoric strain rate ¢, and deviatoric stress o, in each finite
element are related by the constitutive equation

éq = Ao)] exp (7%) , (D

where R is the universal gas constant and the power law
premultiplier 4, the stress exponent n, and the activation
energy Q are empirically determined constants [Kirby and
Kronenburg, 1987]. The constitutive relation yields a stress-
and temperature-dependent effective viscosity 7. for each

finite element
0

We assume mafic (diabase) and ultramafic (olivine) compo-
sitions for the lower crust and upper mantle, respectively
[Rudnick and Fountain, 1995; Karato and Wu, 1993]. To
account for variability in ductile strength, we consider end-
member models of hydrated (weak) and dry (strong) mineral
compositions. Laboratory-determined material parameters
for these models are listed in Table 1. In all power law
models, the elastic behavior of both the upper crust and the
ductile substrate is governed by the linear isotropic Hooke’s
Law, with a shear modulus and Poisson’s ratio of 32 GPa
and 0.25, respectively. The equivalent elastic and viscous
elements of all viscoelastic constitutive relations other than
Burgers are connected in series.

_ (oF} _ 1
Tt 22 Aol

2.3. Thermal Regime

[10] To characterize the effects of thermally activated
strain localization, we consider three different tempera-
ture regimes in our power law models. These temperature
regimes modify the effective viscosity through the Arrhenius
temperature dependence of the flow law (equations (1) and

(2)). Strain will localize if the temperature below the fault is
higher than that in the surrounding material.

[11] The first thermal model assumes a one-dimensional
(1-D, i.e., only varying with depth) linear geotherm with a
gradient of 20°C/km. The top and bottom surfaces have tem-
peratures of 10°C and 1510°C, respectively. This geotherm
is used for both models incorporating power law rheology;
we refer to these models as WNS (wet/weak, no shear
zone) and DNS (dry/strong, no shear zone). The second
thermal model uses a 1-D piecewise-constant gradient cor-
responding to the maximum (in terms of the temperature at a
given depth) geotherm of Freed and Biirgmann [2004], with
top and bottom surface temperatures of 10°C and 1331°C,
respectively. This temperature distribution corresponds to
the best-fitting model of Freed and Biirgmann [2004] for the
ductile substrate underlying the Mojave Desert, with a wet
olivine mantle, a wet diabase lower crust, and a tempera-
ture of 1300°C at 50 km depth. The geotherm used in this
model predicts higher temperatures and thus weaker ductile
material at all depths above ~66 km relative to the linear
20°C/km geotherm. We refer to this model as WFB.

[12] The third thermal model includes localized shear
zones around the downdip extension of the fault. The shear
zones for each power law composition are generated using a
model of long-term fault slip, during which heat conduction
and viscous dissipation modify the initially 1-D 20°C/km
geotherm. During each modeled time increment in the third
thermal model, viscous dissipation generates internal energy
within each finite element,

pH = oj&y, 3)

where p is density, A is the internal heat production per
unit mass, and oj; and é; are the stress and viscous strain
rate (total strain rate less elastic strain rate) tensors, respec-
tively (repeating indices imply summation). This dissipative
energy term then contributes to changes in temperature
within each element as governed by conservation of energy,

T
oyé; +kV*T = pc, FTE 4)

where £ is the thermal conductivity and ¢, is the specific heat
capacity of the material in the element. This energy balance
produces a temperature increment A7 = AT, + AT,, with a
contribution AT, from viscous dissipation

tr 1
ATV = / fUUSydT (5)
4 PC
and a contribution A7, from heat conduction
tr
AT, = / «kV?Tdz, (6)
t

where k = k/pc is the thermal diffusivity and ¢ and ¢ are
the initial and final times of the time increment, respectively.
The temperature increment adds to the total temperature
in the finite element and updates the effective viscosity of
the material in the element through equation (2). The ther-
mal evolution has a duration of 20 Myr and thus simulates
the thermal conditions expected for a mature fault. Fur-
ther details of the setup simulating the long-term thermal
evolution may be found in Takeuchi and Fialko [2012].
Figure 2 shows the structure of the shear zones developed in
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Takeuchi and Fialko [2012] in terms of the effective viscos-
ity (equation (2)) and relaxation time ¢, = %‘“, where G is the
assumed shear modulus of the substrate (32 GPa).

[13] Calculations of Takeuchi and Fialko [2012] made
use of symmetries of the 2-D problem. For the current study,
the thermal structures generated by Takeuchi and Fialko
[2012] for each power law model are extruded along strike,
so that the x—z cross sections of the temperature field at each
along-strike (y) coordinate are identical. As viscous dissi-
pation and heat conduction are symmetric with respect to
the fault plane, the one-sided temperature fields are mirrored
across the fault to provide temperature conditions for each
node in the mesh for each power law model. These sym-
metric temperature distributions are then used as thermal
boundary conditions for the respective power law models.
We refer to these models as WSZ (wet/weak, with shear
zone) and DSZ (dry/strong, with shear zone). Table 2 sum-
marizes the rheological and thermal parameters assumed in
this study.

2.4. Earthquake Simulations

[14] In this study we employ kinematically driven earth-
quake cycles, i.e., coseismic fault slip is prescribed as
a boundary condition. Such models generate unphysical
stresses in the lithosphere; in particular, repeated kinemat-
ically prescribed earthquakes produce negative (i.e., hav-
ing sense opposite to that of fault slip) stresses in the
seismogenic layer [Takeuchi and Fialko, 2012]. However,
surface velocities resulting from viscoelastic relaxation are

Table 2. Model Configurations®

is the effective viscosity and G = 32 GPa is the shear

relatively insensitive to the type of boundary condition on a
fault surface [Takeuchi and Fialko, 2012]. We include grav-
ity in our 3-D models as it can influence surface deformation,
primarily by suppressing long-wavelength vertical displace-
ments late in the interseismic period [Pollitz, 1997]. Gravity
is implemented as a body force in the stress equilibrium
equations,

0

0ij; T pgi =0,

where p is density, g; = (0,0,—g) is the gravitational accel-
eration (assuming a positive upward z coordinate, Figure 1)
and the comma in the first term represents differentiation.
We also apply an initial lithostatic stress field

h

o= [ oo ®)
where 4 is the depth at the center of a given finite element;
the initially piecewise-linear lithostatic stresses are equili-
brated in an initial model step. We simulate tectonic loading
by imposing constant slip rate of 40 mm/yr within the upper
12 km (corresponding to the thickness of the elastic layer)
of the 600 km fault for 100 kyr. Velocities of 20 mm/yr are
prescribed at the far-field boundaries of the model domain
(x = 300 km). Fault slip is cosine tapered from the full slip
rate at 12 km to zero at 17 km depth in order to prevent a
stress singularity due to the abrupt termination of fault slip
at the base of the elastic layer.

[15] This initial model is followed by 10 earthquake
cycles on the entire 600 km long fault. In these cycles, we

Model Configuration

Lower Crustal Rheology

Upper Mantle Rheology =~ Thermal Regime

MS (Maxwell) n=32x10"Pas
BI (Burgers) n=32x10"Pas
WFB (Power law) Wet Diabase
WNS (Power law) Wet Diabase
WSZ(Power law) Wet Diabase
DNS (Power law) Dry Diabase
DSZ (Power law) Dry Diabase

n=16x10"Pas
N =4.6x10'® Pas
n,=1.6x10"7 Pas

N/A
N/A

Wet Olivine Piecewise Linear®
Wet Olivine 20 °C/km
Wet Olivine Shear Zone®
Dry Olivine 20°C/km
Dry Olivine Shear Zone®

*Seven viscoelastic model configurations are utilized in this study. Rheological parameters for diabase

and olivine are summarized in Table 1.

®One-dimensional geotherm of Freed and Biirgmann [2004].
°Shear zone temperature structure of Takeuchi and Fialko [2012].
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Figure 3. Map view of postseismic surface velocities in mm/yr, 6 months after rupture for models (a)
AFT (afterslip), (b) MS (Maxwell), (c) BI (biviscous), (d) WFB (wet power law, Freed and Biirgmann
[2004] thermal regime), (¢) DNS (dry power law, no shear zone), (f) WNS (wet power law, no shear
zone), (g) DSZ (dry power law, shear zone), and (h) WSZ (wet power law, shear zone). Colors indicate
vertical velocity, and arrows indicate horizontal velocity (scales are indicated in each panel). Heavy black

line denotes the fault plane.

prescribe an instantaneous coseismic slip of 8 m on the upper
12 km of the fault. Fault slip is again cosine tapered to
zero at 17 km depth. We then lock the fault for an inter-
seismic period of 200 years. The total relative plate velocity
(40 mm/yr) is maintained on the far-field boundaries of the
model domain at all times. Because deformation is antiplane
strain, only fault-parallel motion is allowed. The total dura-
tion of the model spin-up (100 kyr tectonic loading followed
by ten 200 year earthquake cycles) represents a compro-
mise between full cycle invariance [e.g., Hetland and Hager,
2006; Takeuchi and Fialko, 2012] and computation time.
[16] Following the final interseismic period of the last
system-wide earthquake, we simulate a finite rupture on a
70 km long segment in the middle of the domain (|y|<
35 km). Slip amplitude is the same as in previous system-
wide events. The respective moment is 1.08 x 10%° N m,
similar to the moment estimates for the 1992 M,,7.3 Landers
rupture [Kanamori et al., 1992; Sieh et al., 1993; Fialko,
2004b] and slightly higher than those for the 1999 M,,7.1
Hector Mine rupture [ Dreger and Kaverina, 2000; Simons et
al., 2002]. During the coseismic step, the fault is not allowed
to move in the fault perpendicular or vertical directions.
Following the finite rupture, the entire fault is then locked
for a duration of 200 years during which coseismic stress
changes are allowed to relax. No vertical motion is allowed
on the far-field model boundaries; normal displacements are
also not allowed on the fault-parallel sides of the domain,
while relative far-field velocities are maintained on these
boundaries (x = 300 km). Antiplane-strain conditions are
also maintained on the model boundaries orthogonal to the
slip direction (y = £300 km). Deformation in all three
dimensions is otherwise freely permitted inside the domain.

2.5. Afterslip Model

[17] For comparison, we also perform simulations of
stress-driven afterslip of the deep extension of the fault using
the fictitious body force code RELAX [Barbot and Fialko,

2010]. In this model, a fault of dimensions identical to those
in the viscoelastic models is embedded within a 512 km X
512 km x 512 km elastic domain. An afterslip plane lies
beneath and oriented with the fault; the plane is centered at
x =y = 0 and is 150 km in length and 50 km downdip
(ly| £ 75 km, 17< z < 67 km). The slip velocity V" on the
afterslip plane is governed by rate-strengthening friction,

¥ = 2y, sinh )

At
(a—b)o’

where (a — b)o and y, are constitutive parameters, the for-
mer controlling the velocity dependence of friction and the
latter the timescale of postseismic slip, and At is the coseis-
mic stress change. The a and b correspond to the parameters
of rate- and state-dependent friction [e.g., Ruina, 1983;
Dieterich, 1978]. Because in situ values of the model param-
eters are not well-constrained, the timescale of relaxation is
rather arbitrary. The afterslip model will thus only be used
for qualitative comparison. We adopt (a — b)0=0.9 MPa and
yo=1 km/yr. The coefficient of friction p( at the reference
slip rate y, is 0.6. We refer to this model as AFT.

3. Results

3.1. Surface Velocity Patterns

[18] In this section we focus on theoretical predictions
of surface deformation and the sensitivity of surface defor-
mation to the assumed rheologies. We generate maps of
postseismic velocity, from which contributions of secular
deformation have been removed. We study the first 50
years of deformation, as postseismic velocities after this
time are likely to fall below the detection limit, and there
are few examples of geodetically documented long-lasting
(>50 years) postseismic deformation transients. Figures 3—6
illustrate modeled postseismic surface velocities within
100 km of the fault for several epochs following coseismic
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Figure 4. Postseismic surface velocities in mm/yr, 2 years after rupture. Panels as indicated in Figure 3
caption. Colors indicate vertical velocity, and arrows indicate horizontal velocity. Heavy black line

denotes the fault plane.

rupture. Six months after the earthquake (Figure 3), each
model shows a clear four-quadrant pattern of uplift and sub-
sidence, though the polarity and amplitude of deformation
vary. Model MS predicts the largest amplitudes of vertical
velocity at this time epoch, as expected due to the short
relaxation timescale of the substrate. Wet power law models
all have similar vertical velocity patterns, though WFB has
larger amplitudes and smaller wavelength lobes compared to
models WNS and WSZ. Model DNS shows a similar pat-
tern to the wet power law models, though amplitudes are
an order of magnitude smaller, and relatively large vertical
velocities are seen in the far field. Model DSZ shows similar
amplitudes and far-field polarity as DNS, but the near-field
polarity is reversed relative to all other viscoelastic mod-
els. Model AFT is the only other model showing near-field
subsidence northeast and southwest of the finite rupture and
uplift northwest and southeast of the rupture.

[19] Horizontal velocities 6 months following the earth-
quake show broadly similar qualitative patterns for all
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models, with quadrant patterns of combined right-lateral
fault-parallel velocities and left-lateral fault-perpendicular
velocities. As with vertical velocities, model MS predicts
the largest amplitudes of horizontal velocity. Wet power
law models are nearly indistinguishable except for the rel-
atively large amplitudes for model WFB. Dry power law
models predict horizontal velocities with an order of magni-
tude smaller than wet power law models. While horizontal
velocity patterns are generally similar in all models, minor
deviations from the common mode do exist for certain
models. For instance, model AFT predicts horizontal veloc-
ities that have smaller relative amplitudes in the far field
compared to viscoelastic models, as well as vanishing fault-
perpendicular velocities near the along-strike extensions of
the fault. Model MS predicts negligible fault-parallel veloc-
ities along strike from the fault. Model DSZ predicts large
far-field velocities relative to the near field, as well as a rela-
tively small fault-perpendicular component of velocity near
the fault plane.

Q 0

Figure 5. Postseismic surface velocities in mm/yr, 10 years after rupture. Panels as indicated in Figure 3
caption. Colors indicate vertical velocity, and arrows indicate horizontal velocity. Heavy black line

denotes the fault plane.
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Figure 6. Postseismic surface velocities in mm/yr, 50 years after rupture. Panels as indicated in Figure 3
caption. Colors indicate vertical velocity, and arrows indicate horizontal velocity. Heavy black line
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[20] All models show a reduction in the amplitude of both
vertical and horizontal surface velocities from 6 months to
2 years (Figure 4) as the transient deformation begins to
decay. The percentage reduction is largest for model MS,
which incorporates the weakest substrates. Velocity patterns
and vertical polarity are maintained for all models other than
MS; near-field vertical polarities remain reversed for models
AFT and DSZ relative to all other models. Model MS shows
that maximum vertical velocities within the four quadrants
move away from the fault, illustrating a “strain wave” due to
stress diffusion.

[21] Amplitudes of both horizontal and vertical velocities
are further decreased for all models 10 years after the rup-
ture (Figure 5). Velocity patterns and polarity are largely
unchanged for model BI and all wet power law models.
Models AFT and DNS illustrate expanded near-fault ver-
tical velocity lobes. Models MS and DSZ show the most
notable changes in vertical and horizontal velocities. In par-
ticular, model MS predicts continued outward movement of
the initial vertical velocity quadrants and the initiation of a
near-fault polarity reversal. Model DSZ predicts enhanced
near-field vertical velocities compared to far-field velocities;
near-field fault-parallel velocities are also enhanced relative
to the far field.

[22] Fifty years after the rupture, all models except DNS,
WEFB, and WNS demonstrate significant evolution of the
respective surface velocity patterns (Figure 6). Vertical
velocity lobes in model AFT have expanded significantly
toward the far field, reflecting propagation of afterslip
toward deeper parts of the fault. Model BI predicts a low-
amplitude reversed-polarity near-field vertical velocity pat-
tern. Model DSZ shows significantly enhanced near-field
vertical velocities relative to far-field velocities, as well as
reduced far-field fault-parallel velocity and negligible fault-
parallel velocity along strike from the rupture. Model MS
predicts expansion of the 10 year reversed-polarity quad-
rant pattern toward the far field. Model WSZ shows the
initiation of a reversed near-field vertical pattern. Vertical
velocities at this epoch are very small (<1 mm/yr), likely
below the geodetic detection limits. However, models Bl and
MS maintain appreciable horizontal velocities, reflecting

ongoing response of the ductile substrate to coseismic stress
changes even 50 years after the event.

4. Comparison With Data

4.1. Postseismic Deformation in the Mojave Desert

[23] One of the vivid examples of nonunique interpreta-
tions of geodetic data is deformation following the 1992
M,,7.3 Landers and 1999 M,,7.1 Hector Mine earthquakes in
the Mojave Desert (eastern California). Pollitz et al. [2000,
2001] argued that the pattern of postseismic vertical veloc-
ities around the fault is consistent with relaxation in the
upper mantle and opposite to that expected of afterslip.
Pollitz et al. [2000, 2001] used models assuming lin-
ear Maxwell rheology, while Freed and Biirgmann [2004]
argued that the nonexponential character of time series of
postseismic displacements can be indicative of power law
rheology. Pollitz [2003] proposed that a biviscous rheology
can also explain observations. The best-fitting rheologies in
these studies were chosen based on model fits to a few years
of GPS data collected in the Eastern California Shear Zone
(ECSZ). Alternatively, it was proposed that interferometric
synthetic aperture radar (InNSAR) and GPS observations of
the two events can be interpreted in terms of a combina-
tion of afterslip and poroelastic rebound, such that afterslip
dominates horizontal deformation and poroelastic rebound
dominates vertical deformation [Peltzer et al., 1998; Fialko,
2004a]. Freed et al. [2007] considered the effect of a duc-
tile shear zone on far-field relaxation after the Hector Mine
earthquake. Here we investigate whether longer observa-
tions can provide discrimination between the previously
proposed deformation mechanisms. For this purpose, we
consider extended records of GPS and InSAR data char-
acterizing transient deformation following the Hector Mine
carthquake. We note that the rheologies mentioned above
were deduced from fitting the respective sets of geodetic data
(e.g., in the case of Pollitz [2003] and Freed and Biirgmann
[2004], the first < 3.2 years of Hector Mine postseismic
GPS displacement data). Here we test the proposed rheolog-
ical models against the extended GPS and InSAR data sets
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Figure 7. Thirteen years of surface displacement in millimeters following the simulated Hector Mine
rupture. Colors indicate vertical displacement, and arrows indicate horizontal displacement. SCIGN con-
tinuous GPS stations with time series in Figures 8 and 9 shown by black circles, with station identifiers
as indicated. Reference station (for horizontal displacements) OPRD denoted by green circle. Heavy
black line denotes the simulated Hector Mine rupture. Black star denotes the epicenter of the Hector

Mine earthquake.

that span more than 10 years of postseismic deformation. In
doing so, we do not attempt to tune the model parameters to
improve the data fit.

[24] We use a simplified model of the Hector Mine rup-
ture that consists of a 54 km long vertical planar fault. We
apply a uniform slip in the depth interval 0—9 km and cosine
taper the slip to zero at 13 km depth. The average slip ampli-
tude is chosen to match the seismic moment of the Hector
Mine earthquake, 4-6 x 10'° N m [Dreger and Kaverina,
2000; Simons et al., 2002]. These simplifications are justified
as (i) coseismic stress changes at depth are sensitive to the
earthquake moment and not to the details of slip distribution,
and (ii) we are interested in the overall qualitative features
of viscoelastic deformation. Our models incorporate the vis-
coelastic rheologies (and 1-D thermal regime in the case of
power law rheology) used in models BI and WFB (for the
purposes of distinguishing it from the previous WFB model,
the latter Hector Mine model will be denoted “power law”),
as well as the layered elastic structure used by Pollitz [2003].
Section 3 indicates that the presence of thermally activated
shear zones has little effect on postseismic transients even
in the case of relatively fast-slipping faults; for immature
faults with low slip rates, such as those comprising the
Eastern California Shear Zone [e.g., Dokka and Travis,
1990], strain localization due to thermomechanical coupling
and its effects on surface deformation are expected to be
smaller still. Therefore, we use a 1-D thermal structure and
do not consider thermal shear zones in these calculations.

[25] We generate a tectonic background stress by apply-
ing a constant shear strain rate of 1077 year! [Savage et al.,
2003] until the shear stress in the ductile substrate evolves
to a steady state. In the case of the power law model, the
thickness of the “elastic” upper crust is found to depend on
the duration of tectonic loading. For longer loading peri-
ods, colder rocks with larger relaxation times begin to flow,
and the effective thickness of the elastic-brittle lid decreases.
We apply the tectonic loading in the power law model until
the lid is 18 km thick (equal to the prescribed thickness of
the elastic crust in the biviscous model of Pollitz [2003])
and the stress in the ductile substrate is constant. Numerical

experiments showed that the model predictions are essen-
tially insensitive to a longer duration of tectonic loading. The
tectonic loading is applied parallel to the fault plane and thus
differs by 10° in azimuth from the estimated regional direc-
tion of shear of N40°W [Savage et al., 2003]. This difference
is small and likely within the data uncertainty and has little
effect on the qualitative features of the model. Following the
tectonic loading, we simulate coseismic rupture and 50 years
of postseismic relaxation. The modeled fault is aligned with
the surface rupture of the Hector Mine earthquake, with an
average strike of N30°W (Figure 7). We extract 13 year time
series of displacement at locations of the continuous GPS
stations and reference them to station OPRD (see Figure 7).

[26] We compare our model displacement time series to
post-Hector Mine GPS time series from the Scripps Orbit
Permanent Array Center (http://sopac.ucsd.edu) (Figures 8
and 9). The GPS time series are corrected for station loca-
tion bias (the removal of which sets the beginning of the time
series to zero), coseismic offsets, and annual and semiannual
signals. Data referencing to a given site remove the contri-
bution from the regional motion of the ECSZ with respect
to a given reference frame. The relative GPS displacements
therefore represent contributions due to postseismic and
secular deformation only.

[27] We select station OPRD for site referencing based on
the following arguments. First, site location near the rupture
center allows for a better visualization of the predicted post-
seismic displacements. Second, we calculated the average
model misfits for the east, north, vertical, as well as total dis-
placement components, using each station as the reference
site,

N L 2

1 1
N 21 7 20 0~ My =M ¢

i=1 Jj=1
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Xk (10

where O and M are the observed and modeled displacements,
respectively, index j represents displacement components,
index i represents a site number, N+ 1 is the total number of
sites, and index & corresponds to the reference site. The aver-
age of the values of yP' and x,"*® for each reference station k


http://sopac.ucsd.edu

TAKEUCHI AND FIALKO: DUCTILE SHEAR AND POSTSEISMIC DEFORMATION

13 years ' ' — >Rl ‘
60/ —SCIGN||

N _

401

20}

13 years ' ' —>PL '

—SCIGN|]|
40t \'

20} \\\:;:\J \ \\

60

g )
= 9 OPROA, N9 OPROAS
35 \ ', \ "
S —20t \ ™ —20} Y
?.V) N ( N\
-40 \ 1 -40} A (
—60 1 -60 ]
, , _a) Biviscous , , b) Power Law
-100 -50 0 50 -100 -50 0 50
East (km)
50| AGMT BBRY BMHL

50

100
50

100

Horizontal displacement (mm)

100
50

0 5 10 0 5 10

Time (years)

Figure 8. (a, b) Thirteen years of horizontal displacement in millimeters following the Hector Mine rup-
ture. Displacements referred to continuous GPS station OPRD (green dot) and shown by black (observed),
blue (biviscous model, Figure 8a), and red (power law model, Figure 8b) arrows. Black circles denote
GPS station locations. Black star denotes the epicenter of the Hector Mine earthquake, heavy black line
denotes the simulated Hector Mine rupture, and green line denotes the true Hector Mine rupture. Other
panels show time series of observed (grey stars) and modeled (solid blue line = biviscous model, solid
red line = power law model) horizontal displacement, referred to station OPRD, for stations as indicated
in Figures 8a and 8b. Dashed black line denotes displacement due to modeled station secular velocity

referred to simulated station OPRD.

are shown in the supporting information Figure Sla. As one
can see from Figure Sla, station OPRD has a low-average
total displacement misfit relative to nearly all other stations
within the array considered and therefore is an “optimal”
reference site for the chosen suite of models.

[28] Figures 8 and 9 show the observed OPRD-referenced
horizontal and vertical GPS displacements along with pre-
dictions of models BI and WFB (Table 2). The biviscous
model predicts quasi-constant horizontal velocities after
robust transient deformation within the first ~3 months.
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Figure 9. (a, b) Thirteen years of vertical displacement in millimeters following the Hector Mine rup-
ture. Modeled and observed displacements shown by colors and colored circles at GPS station locations,
respectively. Black star denotes the epicenter of the Hector Mine earthquake, heavy black line denotes
the simulated Hector Mine rupture, and green line denotes the true Hector Mine rupture. Other panels
show time series of observed (grey stars) and modeled (solid blue line = biviscous model, solid red line
= power law model) vertical displacement plotted for stations indicated with circles in Figures 9a and 9b.

A comparison to the assumed secular velocity (relative to
station OPRD, as denoted by the dotted lines in Figure 8)
shows that the coseismic stress changes remain essentially
unrelaxed after 13 years of postseismic deformation. In con-
trast, the power law model indicates that horizontal veloc-
ities nearly returned to secular values by the end of the
13 year period. While neither model provides a satisfactory
fit to all the data (possibly due to simplifications discussed
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above), it is worth noting that the biviscous model tends
to overpredict the observed horizontal velocities, while the
power law model generally underpredicts the data. Because
the coseismic source is identical between the models, these
differences are due to the assumed rheological properties
alone. As one can see from Figure 9, a power law model
provides a slightly better fit to the vertical GPS time series,
both qualitatively and quantitatively, than does the biviscous
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model. The relative quality of fit is also illustrated in Figures
S1b—S1d, which shows that the biviscous model has system-
atically higher misfits than the power law model for east,
north, and vertical displacement components, regardless of
which station is used as a reference site.

[29] InSAR observations provide an additional powerful
constraint, as they are highly sensitive to vertical motion and
have high spatial resolution. Pollitz et al. [2001] used several
short-term (< 1 year) postseismic interferograms to argue
that the polarity of the observed line of sight (LOS) displace-
ments is consistent with a model postulating viscoelastic
relaxation in the upper mantle. Unfortunately, InNSAR imag-
ing of postseismic deformation due to the Hector Mine
earthquake was hampered by termination of the ERS-1
mission and failure of gyroscopes on the ERS-2 satellite.
Nevertheless, one acquisition made by the ERS-2 satellite
in December 2005 from the descending track 127 could be
interfered with the immediate post earthquake acquisition of
20 October 1999. The respective interferogram is shown in
Figure 10a. This interferogram does not appear to be affected
by atmospheric noise; small atmospheric contributions on
both acquisition dates (October 1999 and December 2005)
are inferred based on analysis of multiple interferograms
sharing the same acquisition date [e.g., Fialko et al., 2002].
The data show pronounced lobes of LOS displacements to
the west of the rupture and less deformation to the east of the
rupture, similar to the pattern observed following the nearby
1992 Landers earthquake [Fialko, 2004a]. This qualitative
similarity implies a common deformation mechanism. The
amplitude of LOS displacements in anomalous lobes to the
west of the Hector Mine rupture is of the order of ~3 cm
(Figure 10a).

[30] We compare the observed LOS displacements accu-
mulated over a period of 6 years following the Hector Mine
earthquake to predictions of our forward models assuming
various candidate rheologies (Figure 10). For comparison,
we also calculate LOS displacements for a model combin-
ing afterslip and poroelasticity, in the limit of full relaxation
[Barbot and Fialko, 2010] (Figure 10b). The latter model
assumes drained and undrained Poisson’s ratio of 0.25 and
0.31, respectively. Parameters of the afterslip model were
chosen a priori and were not adjusted to provide a better
fit to the data. Surface displacements predicted by the three
models are broadly similar, with quadrant patterns show-
ing enhanced areas of range increase in the northwest and
southeast quadrants of the rupture and range decrease in
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the southwest and northeast quadrants. LOS displacement
amplitudes are enhanced on the west side of the rupture for
all models, though the asymmetry is less pronounced for
the combined afterslip/poroelastic model compared to the
viscoelastic models. The size and shape of the LOS displace-
ment quadrants vary. The biviscous model predicts fairly
large quasi-circular lobes and high LOS displacement ampli-
tudes compared to the observations (Figure 10c). The power
law model predicts smaller lobes and lower amplitudes that
slightly underpredict observed displacements (Figure 10d).
The combined afterslip-poroelastic model appears to fit the
observations west of the rupture reasonably well, consistent
with findings of previous studies of postseismic deforma-
tion due to the Landers earthquake [Peltzer et al., 1998;
Fialko, 2004a]. However, this model overpredicts the ampli-
tude of uplift in the northeast quadrant of the rupture. All
three models show increases in the radar range in the south-
east quadrant of the rupture, which are not seen in the data
(Figure 10).

5. Discussion

5.1. The Effect of Shear Zones on Postseismic
Deformation

[31] The postseismic velocity fields presented in
Figures 3—6 allow for a straightforward comparison of mod-
els that do and do not incorporate thermally coupled shear
zones. Early in the postseismic period, both the polarity and
magnitude of vertical velocity are nearly indistinguishable
for models WNS and WSZ. Horizontal velocities are also
very similar for these two models within the first 10 years
after the earthquake. Only later in the postseismic period,
50 years and more after the earthquake, do the velocity
fields of these two models diverge, with a near-fault verti-
cal polarity reversal and enhanced near-field fault-parallel
velocities developing for model WSZ. However, after such
a lengthy time period following the earthquake, horizon-
tal and vertical postseismic transient velocities are small
(~1 mm/yr or less) and would thus be difficult to observe
with modern geodetic techniques. The maximum magnitude
of vertical velocity predicted for the reversed-polarity lobes
in model WSZ never exceeds 0.3 mm/yr, and the respective
deformation is thus essentially negligible.

[32] Models DNS and DSZ deviate to a greater extent
than do models WNS and WSZ. The polarity of vertical
velocity is reversed at all times for model DSZ relative
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to DNS. Model DSZ also shows relatively high near-field
fault-parallel velocity at all times. However, vertical veloc-
ities for these models never exceed 1 mm/yr. As such,
the qualitative differences between models DNS and DSZ
are likely unidentifiable from an observational standpoint,
and these models fail to produce postseismic transients of
sufficient amplitude.

[33] Model DSZ is the only viscoelastic model to predict
the same vertical polarity pattern as the frictional afterslip
model at all times in the postseismic period, illustrating that
a thermally induced shear zone may qualitatively resemble
the behavior of a frictional afterslip model. However, the
magnitudes of postseismic velocity transients, particularly in
the vertical direction, are negligible. Wet power law models
do not qualitatively resemble the frictional afterslip model
at any time during the postseismic period, save for a polar-
ity reversal late in the postseismic period for model WSZ
that would also be difficult to detect with geodetic mea-
surements. It follows that even though thermally activated
shear zones can in principle produce afterslip-like postseis-
mic deformation, such strain localization can only occur if
the background viscosity is very high, resulting in negligi-
ble postseismic transients. Weaker ductile materials are able
to produce robust transients, but the strain localization in
this case is insufficient to alter surface velocity patterns (in
particular, the polarity of vertical velocities). This indicates
that for the range of rheological properties considered in
this study, shear heating and thermomechanical coupling are
unable to generate surface velocity patterns similar to those
due to afterslip.

[34] We note that smaller amplitudes of postseismic tran-
sients in case of stiffer rheologies may reflect a trade-off
between the reduced effective viscosity and width of the
shear zone. Specifically, changes in the rate of shear in
response to a given stress change are directly proportional to
the effective width of the shear zone, but inversely propor-
tional to the effective viscosity of the shear zone. Because
the degree of strain localization and the degree of weak-
ening within the shear zone are related, the overall effect
on transient deformation rates may be small. It follows that
additional strain-weakening mechanisms may be needed to
promote further strain localization and/or reduction in the
effective viscosity within the shear zone.

[35] Potential candidates for additional weakening mech-
anisms are, e.g., dynamic recrystallization and foliation.
Recrystallization and resulting grain-size reduction have
been observed in ductile shear zones in nature [e.g., Fitz
Gerald and Stiinitz, 1993; Jin et al., 1998] and laboratory
experiments [e.g., Tullis and Yund, 1985; Rutter, 1995].
In our simulations of shear zone development, we have
assumed that viscous deformation is governed by disloca-
tion creep (equation (1)) and that thermal weakening serves
as a proxy for all localization mechanisms. Explicit consid-
eration of dynamic recrystallization requires that a diffusion
creep term be added to the constitutive relation, such that

ég= 6.\;dis) + éz(idiff) _ Adisasd“ exp (_%) +Adiﬁdum0ar]'diff, (11)

where ¢, is the dislocation creep strain rate, éfjdiff) is the

diffusion creep strain rate, Ay, ngis, and Q are the dislo-
cation creep parameters (as in section 2.2), d is the grain

(dis)
d
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size, m is the grain-size exponent, 44 is the diffusion creep
premultiplier, and ngiir = 1 [Poirier, 1985]. In this formu-
lation, diffusion creep is grain-size dependent, and disloca-
tion creep is temperature dependent. Grain-size evolution
and shear heating are stress-dependent processes [Poirier,
1985]; equation (3) and the dominant creep and localiza-
tion mechanism in the combined creep law (equation (11))
depend largely on stress as well. The inclusion of grain-
size-dependent diffusion creep in the flow law would thus
likely alter the evolution of shear strain in the substrate.
Our model does implicitly account for diffusion creep under
the assumption that the contributions of ¢ and ™
(equation (11)) are approximately equal [De Bresser et
al., 1998]. However, additional numerical experiments are
needed to evaluate the effect of grain-size reduction on strain
localization within ductile shear zones.

5.2. Implications for the Rheological Models of the
Lithosphere in Eastern California

[36] As Figures 8 and 9 illustrate, proposed models of vis-
coelastic relaxation are able to fit the near-field horizontal
and vertical velocities with variable degrees of success. We
note that the comparison of model predictions to horizontal
GPS displacements is somewhat difficult due to uncertain-
ties in estimating the contribution of secular deformation.
Fitting a linear trend to late post-Hector Mine time series is
not sufficient to establish whether horizontal GPS velocities
have returned to preseismic values 13 years following the
event. Very few stations in the ECSZ were installed before
the Hector Mine earthquake. In addition, the data may be
affected by continuing postseismic deformation due to the
1992 Landers earthquake. Existing estimates of pre-Landers
deformation rates based on trilateration and triangulation
provide some constraint [Savage et al., 2003] but suffer from
large uncertainties. For example, studies of Pollitz [2003]
and Freed and Biirgmann [2004] utilize secular loading rates
that differ by a factor of two. Such a discrepancy can sig-
nificantly affect the predicted time series and fits to the GPS
observations. In particular, increasing the secular deforma-
tion rate by a factor of two compared to the value used in
this study (10”7 year™') would cause the biviscous model to
systematically overpredict the observed displacements and
result in the power law model providing the better fit to
data for nearly all stations. Vertical displacements might
be less affected by uncertainties in secular deformation but
are inherently noisier than the horizontal GPS displace-
ments, which limits their discriminating power (e.g., see
Figure 9, stations OPBL and WOMT). These results sug-
gest that available GPS data are not sufficient for robust
discrimination between the biviscous and power law rhe-
ologies proposed for the lower crust and upper mantle in
Southeastern California.

[37] Additional constraints may be provided by InSAR
data. For example, the biviscous model predicts continued
uplift and subsidence beyond 10-20 years after the earth-
quake at rates that are ruled out by observations (Figure 10c).
Calculations using the power law rheology proposed by
Freed and Biirgmann [2004] underpredict LOS displace-
ments immediately adjacent to the fault but are in bet-
ter overall agreement with the InSAR data (Figure 10d).
Near-field LOS displacements west of the fault may be
better explained by the combined afterslip and poroelastic
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Figure 11. Predicted horizontal postseismic displacements
for SCIGN GPS stations for full relaxation by combined
afterslip and poroelastic effects (cyan arrows) and 13 years
of relaxation by biviscous (blue arrows) and power law
upper mantle flow (red arrows). Black star denotes the Hec-
tor Mine epicenter. Heavy black line indicates the simulated
Hector Mine rupture.

model (Figure 10b). This model, however, underpredicts the
asymmetry in the magnitudes of LOS displacements with
respect to the fault plane (we reiterate that the parameters
for the combined afterslip/poroelastic model were chosen
a priori and not adjusted to provide a better fit to the
data). The three tested models therefore provide compara-
ble fits to the data, with no model reproducing the InSAR
observations completely.

[38] We also investigated the amplitude of fault-
perpendicular displacements along strike from the rup-
ture that was proposed as a possible discriminant between
viscoelastic relaxation and afterslip [e.g., Hearn, 2003].
In particular, viscoelastic relaxation is expected to pro-
duce significant fault-perpendicular displacements on the
fault plane away from the earthquake rupture, while such
displacements should be negligible in case of afterslip
(Figures 3a—6a). However, poroelastic relaxation produces
fault-perpendicular displacements on the nodal plane of a
strike-slip fault that are comparable in magnitude and orien-
tation to those due to viscoelastic relaxation (Figure 11). In
addition, the rate at which nodal plane fault-perpendicular
displacements decay with along-strike distance from the
fault is similar for all three models (Figure 12). It follows
that contributions from poroelastic rebound may obscure
differences between afterslip and viscoelastic flow not
only in case of vertical but also horizontal displacement
patterns proposed as potential discriminants between the
two mechanisms.

[39] The decade-long near-field observations of deforma-
tion following the Hector Mine earthquake further illustrate
difficulties with using fault-perpendicular velocity compo-
nents as a discriminant of the candidate mechanisms. As
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one can see from Figure 8, stations that are close to the
main nodal plane at the north end of the earthquake rup-
ture (TROY and HCMN) move in the fault-perpendicular
direction during the postseismic period, consistent with both
viscoelastic response and a combined afterslip-poroelastic
relaxation (Figure 11). In contrast, stations to the south of the
rupture (BMHL and OAES) exhibit postseismic displace-
ments that are subparallel to the fault plane, with little or no
fault-perpendicular velocity component. We note that local
site effects at the reference station OPRD cannot be respon-
sible for the different velocity patterns to the north and
south of the Hector Mine rupture. To verify this, we added
a constant translation to the entire array, such that the mag-
nitudes of strike-parallel displacements at stations GMRC
and BBRY, which are in approximately symmetric locations
with respect to the fault plane (Figure S2), are nearly equal
and in best agreement with the model predictions. Such a
translation does not result in an antisymmetric pattern of
fault-perpendicular displacements at the along-strike contin-
uations of the rupture plane, as predicted by the three test
models (Figure 11) and in fact degrades the quality of fit at
both ends of the fault trace (Figure S2). These discrepan-
cies may be due to essentially three-dimensional variations
in material properties in the Earth crust (and, possibly, upper
mantle). Such variations might also be responsible for the
disagreement between the InSAR data and models in the
southeastern quadrant of the rupture (Figure 10a).

[40] Far-field postseismic transients detected by GPS
observations indicate that viscoelastic response in the man-
tle may indeed contribute to deformation following the
Mojave desert earthquakes [Freed et al., 2007]. The same
observations have been subsequently used to suggest that
a steady state mantle rheology inferred from laboratory
experiments is not able to adequately explain the data and
that transient creep laws may be required [Freed et al.,
2010], although time scales for transient creep inferred from
laboratory experiments are of the order of 10*-10° years
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[e.g., Smith and Carpenter, 1987], much larger than the
inferred duration of rapid postseismic deformation of the
order of 107'-10° years [e.g., Pollitz, 2003; Freed et al.,
2010]. We have not tested transient creep laws in the present
study, but we note that the near-field data (where the signal-
to-noise ratio is the highest) do not seem to require additional
complexity. As a successful model (or family of models)
must be able to explain both near-field and far-field observa-
tions, including both spatial and temporal patterns of surface
velocity field, further work is warranted to understand the
nature of postseismic deformation due to the Mojave Desert
earthquakes, with emphasis on 3-D structure and material
heterogeneities. Results presented in this study indicate that
shear zones resulting from thermomechanical coupling do
not significantly affect the predicted postseismic deforma-
tion due to the Landers and Hector Mine earthquakes (and,
more generally, due to any large earthquake on a strike-
slip fault) compared to predictions of viscoelastic models
that assume a 1-D viscosity structure. Additional strain-
weakening mechanisms are therefore necessary for the duc-
tile fault roots to have an appreciable effect on transient
surface deformation.

6. Conclusions

[41] We considered models of three-dimensional defor-
mation resulting from a finite strike-slip rupture in an elastic
crust underlain by a ductile substrate of various assumed
rheologies. A subset of our models incorporated ductile
shear zones generated by thermomechanical coupling and
shear heating driven by long-term fault slip. Models includ-
ing shear zones may be regarded as representing mature
strike-slip faults, while models lacking shear zones may rep-
resent immature faults. We find that thermally induced shear
zones do not appreciably alter surface deformation follow-
ing a finite earthquake rupture. For a given loading rate, a
rheologically weak (e.g., wet) substrate produces only mod-
erate localization of strain. A strong (dry) substrate generates
a high degree of localization but negligible deformation
transients. Comparisons of model predictions to observa-
tions of postseismic deformation in the Eastern California
Shear Zone suggest that available GPS and InSAR data do
not allow one to distinguish viscoelastic relaxation models
incorporating Burgers and power law rheologies on short
(< 5 years) observation intervals. However, differences in
the decay rate of the transient deformation predicted by
the two models indicate that the models may be distin-
guished given continued GPS and InSAR monitoring on
decadal timescales.

Appendix A: Burgers Rheology

[42] The shear relaxation modulus for a Burgers rheology
with steady state and transient viscosities 7, and 7,, respec-
tively, and steady state and transient shear moduli ¢, and p,,
respectively, is [Findlay et al., 1989]

Gr() = (a1 ~a2) exD-r) g1~ azr2) exp(ranl, (AD

where

nin2 1—4
G =2M, p=2—, nn=—",n
M2

_pmt4
2p2 ’

2p2

(A2)
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m
231
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U2 M2

A= ‘/p%74p2.

The shear relaxation modulus may be represented by a
dimensionless Prony series expansion

Gr(d) N ¢
go 1-;g5’(1—exp (TG)) (A4)

by recognizing that if C = (¢, —q,r1)/A and D = (q2r,—q1)/A4,
equation (A1) may be expressed as

+

(A3)

gr() =

Gr(1) = (C+D)—[C(1 —exp(-ri1)) + D(1 —exp(-r21))].  (AS)

Normalizing by Gy
sionless Prony series with g7

gy =D/(C+D),and 1y = 1/r,.
Appendix B: Model Validation

C + D yields the two-term dimen-
C/C + D), ¥ = 1/,

[43] We benchmarked our finite element models against
several available open-source semianalytical models. We
used three codes to compare to predictions of the finite ele-
ment model: RELAX [Barbot and Fialko, 2010], VISCO1D
(F. Pollitz, http://earthquake.usgs.gov/research/software/),
and PSGRN [Wang et al., 2006]. RELAX and PSGRN use
elastic Green’s function approaches to calculate the mechan-
ical response of a layered elastic/viscoelastic half space to
fault slip; VISCO1D calculates postseismic deformation of
a spherically stratified Earth model using a spherical har-
monic expansion of global deformation modes and a sum of
these modes for a given dislocation source. For simplicity,
we replicate a published benchmark of strike-slip faulting in
an elastic crust underlain by a Maxwell viscoelastic mantle
[Barbot and Fialko, 2010]. Each model considered incor-
porates an identical 30 km thick elastic crust, with a shear
modulus of 30 GPa and Poisson’s ratio of 0.25. The Abaqus
finite element model assumes a 270 km thick upper mantle.
The RELAX and PSGRN models assume half space man-
tles. VISCO1D model assumes a 6431 km radius spherical
mantle (total earth radius of 6371 km). The mantle in all
models is composed of a Maxwell viscoelastic material with
a relaxation time 7, of 10 years.

[44] Figure S3 shows the surface displacement predicted
by each of the four models at + = 27, = 20 years after
the coseismic rupture. A generally good agreement (rel-
ative errors less than 18%) is achieved among the four
models in both the horizontal and vertical components
of displacement.

[45] In order to test our implementation of the Burgers
body rheology, we also compare the results of an Abaqus
model with those from a VISCO1D model, which is the only
semianalytical code of the three tested that is able to imple-
ment a Burgers rheology. The models tested assume the
rheological layering and properties of model BI, discussed
in section 2.2. However, in the benchmark models, the fault
penetrates to 10 km depth, rooting in the elastic upper crust.
The shallower fault tip is necessary because VISCOI1D is
not capable of treating fault slip in a viscoelastic material.
Figure S4 shows surface velocities plotted at # = 6 months
and t = 7; = 2 years, the latter being the steady state
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relaxation time of the Burgers material. While some differ-
ences may be observed between the two models, namely
in the far-field vertical velocities, the Abaqus model cap-
tures maximum amplitudes of the vertical and horizontal
velocities within 15%.
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