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[1] Using models of infinite length strike-slip faults in an elastic layer above linear viscoelastic regions, we
investigate interseismic deformation. In the models we investigate, interseismic strain accumulation on
mature faults is the result of the cumulative effects of all previous ruptures and is independent of the fault
loading conditions. The time for a fault to spin-up to a mature state depends on the rheologies and the fault
loading conditions. After the model has spun-up, the temporal variation of shear stresses is determined by
the fault slip rate and model rheologies. The change in stress during spin-up depends on the slip rate,
rheologies, and fault loading conditions but is independent of the magnitude of the initial stress. Over
enough cycles such that the cumulative deformation is block-like, the average mature interseismic
velocities are equal to the interseismic velocities of an elastic model with the same geometry and
distribution of shear moduli. In a model that has spun-up with the fault rupturing periodically, the
cumulative deformation is block-like at the end of each seismic cycle, and the interseismic deformation is
cycle-invariant (i.e., the same in all cycles). When the fault ruptures nonperiodically, the fault spins up to a
mature state that is the same as if the fault had ruptured periodically with the mean slip rate. When the fault
slip rate within each cycle varies, the interseismic deformation evolves toward the cycle-invariant
deformation determined by the most recent fault slip rate. Around a fault whose slip rate has been faster
(slower) than average, interseismic velocities are larger (smaller) than the cycle-invariant velocities and
increase (decrease) from cycle to cycle.
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1. Introduction

[2] There have been many studies of geodetically
observed interseismic deformation [e.g., Savage
and Burford, 1973; Bourne et al., 1998; Peltzer
et al., 2001; Pollitz, 2003b; Johnson and Segall,
2004; Smith and Sandwell, 2004; Meade and
Hager, 2005a; Pollitz and Nyst, 2005]. In this
paper, we define interseismic deformation as any
deformation during the earthquake cycle that does
not include the coseismic deformation due to the
fault rupture. Transient deformation observed from
weeks to decades following a fault rupture is often
referred to as postseismic deformation; we include
this postseismic deformation as part of the inter-
seismic deformation. (Note, however, that inter-
seismic deformation is often used to refer only to
the relatively steady motion that occurs after the
postseismic transient has decayed.) Geodetic obser-
vations (e.g., Global Positioning System, radar
interferometry) of interseismic deformation repre-
sent a snapshot of the deformation throughout the
seismic cycle, and thus detect instantaneous defor-
mation [e.g., Pollitz, 2003a].

[3] One of the main scientific goals for interpreting
observed interseismic deformation is to constrain
the rheology of the continental lithosphere [e.g.,
Hetland and Hager, 2003; Pollitz, 2003b; Freed
and Biirgmann, 2004; Johnson and Segall, 2004];
however, accurate interpretations of interseismic
deformation can also have a large impact on
society. An accurate model of observed interseis-
mic deformation can provide crucial information
on the rupture potential of faults [e.g., Dolan et al.,
1995; Meade and Hager, 2005b]. However, obser-
vations of interseismic deformation must be put
into the context of a strain accumulation model
appropriate for that fault. In this paper, we illustrate
how strain accumulation is related to prior fault
activity, mechanisms of fault loading, and visco-
elastic rheologies. (Italicized terms are defined in
the glossary, which follows the main text.)

1.1. Linear Rheologies of Strain
Accumulation Models

[4] All models of interseismic deformation assume
a rheology of the lithosphere. The simplest rheol-
ogies are either linear elastic or viscous. An elastic
rheology or is represented conceptually by the
mechanical analogue model of a spring, while a
viscous rheology is represented by a dashpot.
Combining a spring and a dashpot element in series
produces a Maxwell rheology, the most commonly

assumed viscoelastic theology. The Maxwell rhe-
ology is capable of instantaneous elastic strain,
followed by a single phase of nonrecoverable
viscous creep. A Kelvin element is formed by
combining a spring and dashpot in parallel, and
the viscous relaxation of the Kelvin element is
recoverable. Multiviscous rheologies can be built
by combining a Maxwell element in series with
one or more Kelvin elements. For instance, the
biviscous Burgers rheology is the combination of a
Maxwell element with one Kelvin element in
series.

[s] A prominent interpretation of interseismic de-
formation assumes that elastic strains are unimpor-
tant in geodetic data and that the deformation at the
surface is a replica of the deformation at depth
[e.g., Bourne et al., 1998]. This approach uses a
purely viscous rheology for the lithosphere, only
considering a dashpot element. Numerous studies
have shown, however, that the elastic component
of the lithosphere’s rheology is important and that
deformation at the surface is a record of strain
accumulation on active faults [e.g., Li and
Rice, 1987; Savage, 1990; Roy and Royden,
2000; Hetland and Hager, 2004, 2005].

1.2. Classic Elastic Half-Space Model

[6] The classic model of strain accumulation is that
of Savage and Burford [1973], in which an infinite-
length strike-slip fault is loaded by steady sliding
on the down-dip extension of the fault in an elastic
half-space (Figure 1a). This model, which we refer
to as the classic elastic half-space model (CEHM),
considers the elastic response to slip on the fault
using only the spring in a Maxwell element. The
velocities at the surface in the CEHM are constant
during the interseismic period and are given by

vr 1 X
V(x) =—tan = —
() =T tan" 7,

(1)
where x is the distance from the fault, D is the locking
depth and v is the rate of sliding of the deep fault.
Since the far-field is driven by the steady sliding at
depth, v is the difference in the far-field velocities
across the fault. The velocities of the CEHM are
identical to the difference between block-like
displacements across the fault and the coseismic
displacements, divided by the rupture repeat time
[Savage and Burford, 1973].

[7] The CEHM can be extended to all types of
faults and is the basis of block models [e.g., Meade
and Hager, 2005a]. Because of the use of the
CEHM, block models assume that the continental
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Figure 1.

Cartoons of the models considered in this paper (solid and dashed red lines indicate the interseismically

locked and sliding portions of the fault; circles containing dots and crosses indicate velocity boundary conditions
into and out of the page): (a) the classic elastic half-space model, (b) an elastic layer over a viscoelastic half-space
(a one-layer model) with the fault loaded by steady sliding at depth, (c) a one-layer model driven by far-field shear,
(d) an elastic layer over a viscoelastic layer and lower viscoelastic half-space (a two-layer model) driven by far-field
shear, and (e) and a two-layer model with two faults. See Appendix A for a discussion of the height of the bounded

models.

lithosphere behaves elastically over seismic cycle
timescales and that v is steady in time. However,
inelasticity of the continental lower crust and
mantle must be considered in order to describe
observations of postseismic deformation [e.g.,
Ivins, 1996; Hearn et al., 2002; Pollitz, 2003b;
Freed and Biirgmann, 2004], and fault slip rates
are often nonsteady over timescales of hundreds to
thousands of years [e.g., Sharp, 1981; Wallace,
1987; Grant and Sieh, 1994; Weldon et al., 2004].

1.3. Standard Viscoelastic Model

[8] In a seminal paper, Savage and Prescott [1978]
extended the CEHM to a model of an elastic layer
overlying a Maxwell viscoelastic half-space
(Figure 1b), including the response of both the
dashpot and spring of the Maxwell element to
ruptures in the upper elastic layer. Their solution,
which we refer to as the standard model of inter-

seismic deformation, gives the time-dependent
deformation throughout a mature seismic cycle in
a periodic rupture sequence. A periodic rupture
sequence is one in which all fault ruptures occur
regularly in time with constant offset, while a
mature cycle is such that the deformation within
the cycle does not depend on the number of
previous ruptures (often referred to as steady state).
The standard model is based on the image solution
of Rybicki [1971], and thus the interseismic defor-
mation through time is expressed as perturbations
to the model of Savage and Burford [1973]. The
standard model was rederived by Savage and
Lisowski [1998] and Savage [2000], and most
modern calculations of the standard models are
done using one of these later formulations.

[s] The standard model is parameterized by the
parameter T,, often referred to as the Savage
parameter. The Savage parameter was first intro-
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duced by Savage and Prescott [1978] as T, = T/
27, Where T is the seismic repeat time and T, =
M/l 18 the material relaxation time of the lower
Maxwell viscoelastic half-space with viscosity 1,
and shear modulus ;. Elsewhere we have extended
the definition of the Savage parameter to models
with general linear viscoelastic rheologies and
clarified its definition as the ratio of the seismic
repeat time to a mechanical timescale associated
with the coupling of the uppermost layer to the
viscoelastic region below [Hetland and Hager,
2005]. In general the Savage parameter is given
by 1, = T,|o|, where T, is the nominal repeat time
and |o;| " is a mechanical relaxation time [Hetland
and Hager, 2005]. For models of a fault in an
upper elastic layer overlying a lower Maxwell
viscoelastic region, there is only one time scale.
When either the upper layer is viscoelastic or the
lower region has more than one viscous phase,
there are multiple mechanical time scales [e.g.,
Hetland and Hager, 2005]. As a result, T, is
defined uniquely only for models of an elastic
layer over a Maxwell region. For all other models,
we specify the mechanical relaxation time used in
the definition of T,. When the relaxation time of
the model is much longer than the nominal repeat
time, T, is low, whereas when the relaxation time is
shorter than the repeat time, T, is high.

[10] The standard model is widely used to gain
insight into interseismic deformation [e.g., Savage,
1990; Meade and Hager, 2004], as well as to
interpret geodetic observation [e.g., Segall, 2002;
Dixon et al., 2003; Hilley et al., 2005]. Johnson
and Segall [2004] incorporated viscous fault slip
into the standard model, while Hetland and Hager
[2005] generalized the analysis of Savage and
coworkers in order to extend the standard model
to general linear viscoelastic rheologies and irreg-
ular earthquake sequences.

1.4. Alternative Models of Strain
Accumulation

[11] Interseismic deformation given in terms of
perturbations to a CEHM is often assumed to hold
only for models in which the fault is loaded by
steady sliding of the down-dip extension of the
fault [e.g., Bowman et al., 2003]. Rejecting steady
sliding of the fault at depth, researchers have
interpreted localized interseismic strain observed
across faults is to imply that strain is also localized
at depth [e.g., Bourne et al., 1998; Jackson, 2002]
or that the lithosphere is weaker near the fault

compared to the surrounding regions [e.g., Pollitz,
2001; Pollitz and Nyst, 2005].

[12] Localized interseismic strain has also been
interpreted to be due largely to postseismic tran-
sients from only the most recent earthquakes, while
simple and/or pure shear loads the fault [e.g.,
Vergnolle et al., 2003; Freed and Biirgmann,
2004; Pollitz and Nyst, 2005]. If a fault has never
ruptured, but has been loaded by far-field shear,
then the appropriate model after the first rupture is
that of the postseismic response due to the most
recent rupture plus simple shear. Additionally, if
the relaxation timescales of the lithosphere are
much shorter than the seismic repeat time, then
the interseismic velocities before a rupture are
those of simple shear [e.g., Savage and Prescott,
1978], and the postseismic deformation can be
modeled ignoring all but the last rupture. Finally,
when the transient deformation from the most
recent rupture varies much faster than the cumula-
tive postseismic effects of all but the last rupture,
the interseismic velocities observed immediately
before the last rupture can approximate the cumu-
lative effects of the previous ruptures throughout
the postseismic period [e.g., Biirgmann et al.,
2002; Hearn et al., 2002].

1.5. Overview of the Paper

[13] In this paper, we demonstrate the effects of
fault rupture activity and rheology on interseismic
deformation, using viscoelastic models with infi-
nite-length strike-slip faults. With these simple 2D
models, we construct a framework for understand-
ing the evolution of interseismic deformation as a
fault model matures, as well as during times of
nonperiodic fault activity. In section 2, we show
that a model with a fault that ruptures repeatedly
will eventually approach a final mature state, and
also show that while the initial deformation
depends on the particular fault loading conditions,
the mature deformation does not as long as fault
loading is constant in time. In section 2, we also
address the dependence of the time for a fault
model to mature on the parameters of several
simple models. In section 3, we discuss the varia-
tion of interseismic deformation during periods
when the fault rupture activity is not periodic,
and we show that when the slip rate of the fault
has been recently faster (slower) than the long-term
average, the interseismic velocities are consistently
faster (slower) than those within periodic seismic
cycles. In section 4, we consider the spin-up and
mature interseismic deformation in models with
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Figure 2. Cycle-invariant velocities (solid lines) and the velocities following the first rupture on a fault rupturing
periodically in an elastic layer over a Maxwell viscoelastic half-space (1, = 10) loaded by simple shear (dashed lines)
and from below (dash-dot lines) at times 0.17 (red), 0.47 (green), and 0.97 (blue). For reference, the primary

velocities are also shown (black-yellow dashed line).

two parallel strike-slip faults, and demonstrate
that when the slip rates on the two faults change,
the interseismic velocities again systematically
change, as in the single fault models. We follow
these sections with a discussion of the results of
this paper and brief conclusions. For reference, a
notation list and a brief glossary of terms used
throughout this paper appear at the end of the

paper.

[14] Throughout this paper, we consider the depen-
dence of the interseismic deformation on the fault
loading conditions. Models where strain at depth is
localized or is distributed are two end-member
models of deep deformation driven by two config-
urations of fault loading conditions. For the first
model, the fault is loaded by steady sliding on the
fault below the locking depth, similar to the fault
loading of the CEHM and the standard model
(Figure 1b) [e.g., Savage and Burford, 1973;
Savage and Prescott, 1978]. We use the analytic
model of Hetland and Hager [2005] to calculate
the deformation of all models driven purely by
steady sliding at depth. A more realistic model is
that of a fault loaded by far-field shear boundary
conditions, where the deformation at great depth
is that of simple shear (Figures lc—1le) [e.g.,
Bonafede et al., 1986; Lyzenga et al., 1991; Pollitz,
2001; Hetland and Hager, 2004]. We compute the
deformation of all fault models driven by far-field
shear using the finite element program GeoFEST
[Lyzenga et al., 2000] (see Appendix A for the
finite element model details).

[15] Infinite-length faults are obviously not appro-
priate for Earth, and 3D effects are important for
models of interseismic deformation [e.g., Chery et

al., 2001; Lynch et al., 2003; Smith and Sandwell,
2004]. Nevertheless, these two-dimensional mod-
els give appreciable insight into models of strain
accumulation. We specify the time and magnitude
of fault ruptures in order to construct specific fault
rupture sequences, an approach similar to that of
Meade and Hager [2004]. Meade and Hager
[2004] considered the effect on interseismic veloc-
ities for only one nonperiodic fault history func-
tion, and we consider the evolution of interseismic
velocities and stresses during more general non-
periodic rupture sequences. All of the faults in our
models are right-lateral. Models containing one
fault are antisymmetric, and we only show the
positive displacements and velocities.

2. Fault Spin-Up and Cycle Invariance

[16] At all times, interseismic surface deformation
depends on the model geometries and rheologies.
The surface deformation also depends on the fault
loading conditions and the number of previous
ruptures; however, after a sufficient number of
ruptures in a periodic rupture sequence, the surface
deformation no longer depends on the loading
conditions or the rupture history [e.g., Li and Rice,
1987; Hetland and Hager, 2004]. This final state is
often referred to as a steady or a mature state. The
term “steady state” is misleading, as the interseis-
mic deformation is not, in general, steady in time,
but, for some parameters, can vary rapidly through-
out a seismic cycle. On the other hand, the term
“mature state” does not imply that the deformation
is steady, and is a more appropriate term. When the
rupture sequence is periodic, the mature interseis-
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Interseismic velocities as initially unstressed, two-layer models with Maxwell viscoelastic rheologies (ay/

ap = L5, The/Tm = 5, and 7, = 10 (a—c) or 1 (d—f)) spin-up to a mature state with periodic ruptures, with the fault
loaded by simple shear applied at x = £120D. (a and d) Average interseismic velocities in each seismic cycle up to
cycle N; (line color indicates cycle number according to the color scale below each panel). Also shown are the initial
velocities (green) and the primary velocities (green-black dashed line). (b and e) Interseismic velocities in each
seismic cycle up to cycle N; at time 0.0757. Line color is cycle number as above, yellow-black and green-black
dashed lines are the cycle-invariant and primary velocities, respectively, and green lines are the initial velocities. (c
and d) Interseismic velocities in each seismic cycle at time 0.9257. Primary velocities and line style are as in

Figures 3b and 3e.

mic deformation is the same in every cycle, hence
we say that the deformation is cycle-invariant or
that the system is in a cycle-invariant state. In this
paper, we often refer to cycle-invariant velocities as
just invariant velocities (likewise for stresses), and
we refer to a cycle-invariant state as cycle invari-
ance. The time for a fault model to reach a mature
state is referred to as the spin-up time, or some-
times the cycle-up time. In this section, we discuss
the transition from the initial to the mature defor-

mation, describe the mature interseismic deforma-
tion, and characterize fault spin-up.

2.1. Transition From Initial to Mature
Interseismic Deformation

[17] When the fault is loaded by steady sliding on
the extension of the fault below the interseismically
locked portion (Figure 1b), the initial surface dis-
placements are given by an inverse tangent func-
tion [e.g., Rybicki, 1971]. After a sufficient number
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Figure 4. (a) Shear stress on the fault near the surface as three initially unstressed, one-layer, Maxwell viscoelastic

models (1, = 0.35) loaded differently spin-up to cycle-invariant states, also shown are ; and o, for the model driven
by simple shear boundary conditions. (b) Shear stress on a fault that is loaded by far-field shear for 2107 before the
first fault rupture (cyan line) and the cycle-invariant stresses, arbitrarily offset, of the same model initially unstressed
(blue dashed line). Hatched regions indicate time periods not shown.

of ruptures in a periodic sequence, the amount of
stress relaxation equals the loading rate, and, due to
the construction of this model with the back-slip
method, the cycle-invariant velocities are lower
than those preceding the first several ruptures
(Figure 2) [Hetland and Hager, 2005].

[18] In the case of a fault loaded by far-field shear,
before the fault ruptures, the velocities across the
fault are those of simple shear, a replica of the
velocities at depth (Figure 3). Following the first
several ruptures, the velocities increase as the
postseismic transients accumulate (Figure 3). As
in the first end-member model, after a sufficient
number of periodic ruptures, the interseismic de-
formation becomes cycle-invariant, with the invari-

ant velocities larger than the initial (Figures 2 and
3). In both end member models, during cycle
invariance the interseismic velocities can be char-
acterized as perturbations to the CEHM [e.g.,
Savage and Prescott, 1978; Hetland and Hager,
2005].

[19] In general, the number of cycles it takes to
reach cycle invariance scales inversely with the
Savage parameter (7,). During each cycle the shear
stresses on the fault vary, and as the model spins up
to a cycle-invariant state, the stresses evolve from
cycle to cycle (Figure 4a). The average mature
shear stresses depend on the fault slip rate, rheol-
ogies, fault loading, and the magnitudes of the
initial stresses. For linear rheologies, the change
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Interseismic velocities for elastic models with locking-depth and fault loading rate D and v, respectively.

CEHM has a uniform elastic shear modulus, while the one- and two-layer models have a half-space with shear
modulus 2 i, where i is the shear modulus of the upper layers. D* and v¥}are the apparent locking depths and loading
rates from the best fit CEHM to the velocities of the one- and two-layer models.

in stress during spin-up is independent of the initial
stresses (Figure 4b). We define o, to be the total
change in the shear stress on the fault near the
surface, and if we assume that the model is initially
unstressed, oy is the average mature shear stress.

[20] The amount that the stress changes during
spin-up scales with 7, ', as well as with the rupture
magnitude. The stresses on the fault asymptotically
approach o and we take the time when the average
stress throughout a seismic cycle reaches 0.9 o, to
be the spin-up time, #;. We nondimensionalize time
by the rupture repeat time, 7, so that N; = t,/T is the
number of ruptures necessary for the deformation
to become nearly cycle-invariant (Figure 4a). Dur-
ing cycle &V, the interseismic velocities are close to
the invariant velocities near the fault; however,
farther from the fault, the velocities are not the
invariant velocities until later when the average
interseismic stress on the fault is closer to o
(Figure 3). In section 2.4, we will quantify how
N; and o, depend on the parameters of several
model geometries and rheologies.

2.2. Dependence of Spin-Up on Fault
Loading

[21] The time that it takes a model to reach a
mature state depends not only on the model rheol-
ogies, but also on fault loading conditions. We
demonstrate the dependence on the fault loading by
spinning up three models of a fault in an upper
layer over a viscoelastic half-space (one-layer
models; Figure 4a). Two of the three models have

identical rheologies, and in the first model the fault
is loaded by far-field boundary conditions, while in
the second the fault is loaded by deep, steady
sliding. The third model is a modification of the
first two by the addition of a viscously weak
column extending from two locking depths below
the surface to the bottom of the model. The weak
column accommodates postseismic stress relaxa-
tion and there is secular shear across the column
driven by a block-like basal boundary condition. In
this model, slip across the weak zone is not steady
in time and the fault is loaded by a combination of
slip on the weak zone and far-field shear. We use
the finite element method to compute the deforma-
tion of the third model, which has been described
in detail by Hetland and Hager [2004]. The model
driven by far-field shear takes the longest time to
reach invariance, whereas the model driven by a
combination of far-field shear and deep sliding is
the fastest (Figure 4a). When the fault is loaded
only by far-field shear, the spin-up time reflects the
time required to diffuse postseismic stress far from
the fault, so that the velocities in the far-field
increase from those of simple shear to the cycle-
invariant velocities (Figure 3). In the model driven
by both far-field shear and deep slip, the far-field
velocities build up to the invariant velocities quickly,
due to the additional component of relaxation on
the lower weak zone and the development of
block-like deformation at depth. Finally, when the
fault is loaded purely from below, the total change
in shear stress on the fault during the spin-up is
opposite in sign to when the fault is loaded by far-
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