On the choice and implications of rheologies that maintain
kinematic and dynamic consistency over the entire earthquake cycle

Rishav Mallick!, Valere Lambert!, and Brendan J Meade?

!California Institute of Technology
2Harvard University

November 24, 2022

Abstract

Viscoelastic processes in the upper mantle redistribute seismically generated stresses and modulate crustal deformation through-
out the earthquake cycle. Geodetic observations of these motions at the Earth’s surface offer the possibility of constraining the
rheology of the upper mantle. Parsimonious representations of viscoelastically modulated deformation should simultaneously be
able to explain geodetic observations of rapid postseismic deformation and near-fault strain localization late in the earthquake
cycle. We compare predictions from time-dependent forward models of deformation over the entire earthquake cycle on and
surrounding an idealized vertical strike-slip fault in a homogeneous elastic crust underlain by a homogeneous viscoelastic upper
mantle. We explore three different rheologies as inferred from laboratory experiments: 1) linear-Maxwell, 2) linear-Burgers, 3)
power-law. Both the linear Burgers and power-law rheological models can be made consistent with fast and slow deformation
phenomenology from across the entire earthquake cycle, while the single-layer linear Maxwell model cannot. The kinematic sim-
ilarity of linear Burgers and power-law models suggests that geodetic observations alone are insufficient to distinguish between
them, but indicate that one may serve as a proxy for the other. However, the power-law rheology model displays a postseismic
response that is strongly earthquake magnitude dependent, which may offer a partial explanation for observations of limited
postseismic deformation near magnitude 6.5-7.0 earthquakes. We discuss the role of mechanical coupling between frictional slip
and viscous creep in controlling the time-dependence of regional stress transfer following large earthquakes and how this may

affect the seismic hazard and risk to communities living close to fault networks.
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Abstract

Viscoelastic processes in the upper mantle redistribute seismically generated stresses and
modulate crustal deformation rates throughout the earthquake cycle. Geodetic observations
of these motions at the surface of the coupled crust-mantle system offer the possibility of con-
straining the rheology of the upper mantle and the rates of stress transfer during the intervals
between large earthquakes. Parsimonious representations of viscoelastically modulated defor-
mation through the aseismic phase of the earthquake cycle should be able to simultaneously
explain decadal-scale geodetic observations of both rapid postseismic deformation and late in
the earthquake cycle near-fault strain localization. To understand how a choice of rheological
formulation affects kinematics, we compare predictions from time-dependent forward mod-
els of deformation over the entire earthquake cycle on and surrounding an idealized vertical
strike-slip fault in a homogeneous elastic crust underlain by a homogeneous viscoelastic up-
per mantle. We explore three different rheologies as inferred from laboratory experiments: 1)
linear Maxwell, 2) linear Burgers, and 3) power-law. Both the linear Burgers and power-law
rheological models can be made consistent with fast and slow deformation phenomenology
from across the entire earthquake cycle, while the single-layer linear Maxwell model cannot.
The kinematic similarity of both linear Burgers and power-law rheology models suggests that
geodetic observations alone may be insufficient to distinguish between these two rheologies,
but do indicate that one may serve as an effective proxy for the other. Additionally, the power-
law rheology model displays a postseismic response that is strongly earthquake magnitude
dependent, which may offer a partial explanation for observations of limited postseismic de-
formation near some magnitude 6.5-7.0 earthquakes. We discuss the role of mechanical cou-
pling between frictional slip and viscous creep in controlling the time-dependence of regional
stress transfer following large earthquakes and how this may affect the seismic hazard and risk
to communities living close to fault networks.
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Plain Language Summary

The solid Earth is a viscoelastic material that displays both solid and fluid-like behaviors depend-
ing on the observational time window and the applied stress. We develop numerical simula-
tions of how the uppermost solid Earth responds to a sequence of periodic earthquakes and the
earthquake cycle. Our simulations test a range of proposed viscoelastic materials. The predicted
surface displacements from each model are compared with observational features extracted from
geodetic datasets compiled over the past few decades. All existing viscoelastic material descrip-
tions can satisfactorily explain observational features in the first few years following an earth-
quake; significant differences between the viscoelastic models emerge 10 - 100 years following a
large earthquake. Identifying the most appropriate viscoelastic description requires the integra-
tion of geodetic data that constrains the velocity evolution from a sequence of earthquakes (as
opposed to a single event) with observations from rock physics laboratory experiments. A uni-
fied description of visceolasticity in the upper most solid earth has important implications for
understanding stress evolution in fault networks, and improving models of seismic hazard.

1 Introduction

Inferring the constitutive relations that describe how the macroscopic stress state of the lithosphere-
asthenosphere system evolves as a function of strain rate, total strain and intensive system vari-
ables (temperature, pressure, composition, etc.) remains a grand challenge in the geosciences
[NSF, 2020]. Constraining these constitutive relations, or rheology, is fundamental to our under-
standing of the dynamics of the solid Earth. From the occurrence of earthquakes and their effects
at any point within the Earth, to the construction of the geological structure that surrounds us and
the sustenance of plate tectonics itself, the rheology and strength of Earth materials plays a cru-
cial role in defining these processes [Biirgmann and Dresen, 2008; Mulyukova and Bercovici, 2019].
However, inferring these constitutive relations at the length scale of geological processes (> 1
kilometer) is a difficult task as aspects of rock failure are shown to be scale-dependent [e.g., |Ya-
mashita et al.,2015;|Lambert et al.,2021] and there are limited opportunities to conduct experiments
at the crustal or lithospheric scale. Our goal in this article is to demonstrate that the earthquake
cycle, in the vicinity of a mature strike-slip fault, may provide us with the necessary experimental
conditions to probe the rheology of the lithosphere.

While there exist a number of studies that have sought to infer rheological properties of Earth’s
lithosphere-asthenosphere system using observations from the earthquake cycle [Biirgmann and
Dresen, 2008, and references therein], the interpretation of results from different methodologies for
extracting rheological parameters can be limited or challenged by three key assumptions. First, a
common approach to modeling geophysical systems is to prescribe a functional form of the rhe-
ological model a priori and then estimate the associated best-fitting set of rheological parameters
for that selected model, potentially with limited consideration of alternative rheological models
that may be equally or better supported by the observations. Second, studies are often limited to a
specific observational time window, such as a few years following an earthquake, from which the
aforementioned best-fit model parameters are estimated. As such, inferred parameters are tied to
the observational window that is probed, which may in part explain vastly different rheological
estimates determined for studies of the lithosphere over different observational windows [e.g.,
Pollitz|, 2005, 2019; Ryder et al., 2007; Henriquet et al., 2019} Tamisiea et al., 2007; Milne et al., 2001;
Hussain et al., 2018; Larsen et al.| 2005; Kaufmann and Amelung, 2000]. Finally, a common assump-
tion when processing observed time series is that the signal can be well-separated into a set of



7 linearly superimposed functions, thereby neglecting nonlinear interactions among the associated
7 physical processes.

72 In this work, we seek to develop a framework that overcomes some of these limitations and
73 can reconcile rheological inferences from different observational windows. As a starting point,
74 we focus on major observational features in geodetic time series obtained from mature strike-
75 slip fault settings globally, from immediately following earthquakes (postseismic period) to late
76 in the earthquake cycle (interseismic period). We do not attempt to directly optimize the fit to
77 data, rather we consider the generality and descriptive power of popular rheological models of
76 the lithosphere and study where each model can explain major observational features or is in-
7o sufficient [Tarantola, 2006]. To assist the reader with appreciating the task at hand, we begin by
s providing some background on common rheological models that are used to describe lithospheric
sn deformation, general observational constraints available from geodesy and prevalent modeling
sz strategies in the literature.

o 1.1 Elasticity, friction and viscous creep

s« Therheology of the lithosphere does not appear to follow a single simple description at all timescales.
ss  For example, the passage of seismic waves and the static displacement or deformation of Earth’s
ss lithosphere in response to an earthquake tell us that the lithosphere can be described as an elas-
&7 tic body over timescales ranging from seconds to a day. However, the entire lithosphere cannot
s be elastic since the earthquake source itself is an inelastic process, generally considered to be a
ss frictional rupture restricted to a narrow shear band [Kanamori and Brodsky, 2004].

% At timescales longer than a day, time-dependent deformation patterns of the solid Earth’s sur-
o1 face following large earthquakes is routinely imaged using geodetic and remote sensing observa-
2 tional techniques [Avouac, 2015]. These datasets reveal the non-elastic nature of the lithosphere
e 1i.e., deformation that continues well after the initial source of deformation has ceased.

% This observed time-dependent post-seismic deformation is thought to result from a combina-
s tion of two different processes: (1) time-dependent frictional slip on fault planes (afterslip) while
s the surrounding medium is elastic, and (2) time-dependent deformation of the entire medium
o itself. Afterslip is thought to be limited to depths where frictional processes are mechanically
s favourable and is typically modelled as o o log(¢), where ¢ is the strain rate, o is stress in the
e body [Marone et al.,[1991]. Beyond this domain, distributed deformation of rocks in the form of
10 Newtonian and power-law processes are thought to dominate deformation styles [Montési, 2004;
11 Hirth and Kohlstedt, 2003|]. Distributed deformation of the medium is commonly thought to be
102 a viscoelastic process where the short timescale stress perturbations are accommodated by the
10 elasticity of the medium (& « o) while relaxation following instantaneous stress steps or long
14 timescale observations highlight the viscous properties of the medium i.e., £ o< 6" (€ - strain, £ -
15 strainrate, n - power exponent, ¢ - stress) [Karato et al.,[1986]. Laboratory experiments also suggest
16 that viscous flow laws exhibit unsteady or transient deformation i.e., the relationship between &
17 and € is unique once steady state is achieved, which requires a finite amount of strain or time
108 [Post, [1977]. This style of deformation is often modeled using a Burgers rheology [e.g., Miiller,
109 1986} Hetland and Hager, 2005].

o 1.2 Geodetic observations

111 Over the last three decades, space-based geodetic observations have provided direct observations
112 of deformation throughout the earthquake cycle. As a result, tectonic processes associated with
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the preseismic and postseismic timescales are well imaged, and we derive and discuss only the
major features from these observations. In this study, we focus on mature strike-slip faults and
simplify them to a two-dimensional geometry and describe the characteristics of the interseismic
and postseismic period as imaged by geodetic techniques - the interseismic locking depth, the
postseismic relaxation time and cumulative postseismic deformation over a given time window.
These are key features that numerical models of the earthquake cycles along such faults attempt
to explain.

1.2.1 Interseismic observations

In between earthquakes, geodetic time series from most mature strike-slip fault settings appear
nearly linear in time, at least over available observational timescales (1-2 decades), and the esti-
mated velocities follow an S-shaped function in space, commonly modeled using the tan~! op-
erator (Figure 1) [e.g., Vernant, 2015; |Savage and Burford, (1973]. Deviations from this expected
behavior do appear in the data, such as non-linearities in the time series and deviations from the
tan~! shape function , however these differences are mostly due to localized creep episodes (in
time and space) or time-invariant creep on some sections of the fault.

Geodetic velocities are typically fit well with the functional form % tan~! ( x%) , where v” is the

estimated long-term slip rate on the fault and Dj, is the depth to which the fault is locked; beyond
this depth, the entire fault is assumed to creep along an infinitesimally narrow shear surface at
a time-invariant rate of v*. Studies show that v* estimates for major strike-faults globally match
the estimated geological slip rates of the same faults within measurement uncertainties [Meade
et al.,, 2013]. The estimated locking depth from this kind of modeling is on the order of 10 —20
km, which is comparable to the thickness of the lithosphere over which frictional processes are
thought to be dominant [Vernant, 2015].

1.2.2 DPostseismic observations

Following large earthquakes, time-dependent deformation occurs in the near-field as well as far
away from the fault. This time-dependent signal is typically decomposed into a linear term and a
decaying curvature term, i.e., a monotonic function that is bounded between 0 and its maximum
value (Figure [I). The linear term is assumed to represent background loading due to the motion
of tectonic plates. The curvature in the timeseries is typically fit with functional forms such as
log(t/tg + 1) and e"/'r, motivated by spring-slider models of afterslip and creep of a linear vis-
coelastic material respectively [Perfettini and Avouac| |2004]. tg in each case refers to a relaxation
time of the corresponding physical process. Poroelastic deformation can also contribute to post-
seismic deformation [Peltzer et al.,[1998; |J6nsson et al., 2003], however we ignore this process as we
are limited to a two-dimensional anti-plane geometry where no volumetric strains occur.
Deformation due to fault afterslip is expected to be dominant at observation sites close to
the fault, and can be reasonably explained by a logarithmically decelerating function with relax-
ation times varying from days to months [Marone et al., 1991; Hsu et al., 2006; [ngleby and Wright,
2017]. Distributed deformation of the viscoelastic medium appears as a more diffuse and long-
wavelength signal in the data. The temporal evolution of this signal is not well explained by the
exponentially decaying solution expected from a spring-dashpot analysis; the early relaxation is
rapid, occurring over months, and is then followed by a much slower relaxation process [Freed
and Biirgmann, |2004; Freed et al., 2010; Biirgmann and Dresen|, 2008]. Studies that attempt to fit the
observations from the first year or so of postseismic relaxation following M,, ~ 7 earthquakes find



156 relaxation times on the order of 1 year, whereas estimates from later time periods show relax-
17 ation times of 10 years or more. An additional key observation from the postseismic period is
158 that afterslip is typically observed or inferred for earthquakes down to M ~ 3 [Ingleby and Wright,
150 [2017;|Alwahedi and Hawthorne, 2019; Hawthorne et al., 2016; Chen and Lapusta, 2009], but it has been
10 exceedingly challenging to observe a notable viscoelastic signal following earthquake ruptures of
1w M, <.
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Figure 1: Schematic displacement and velocity evolution recorded at the Earth’s surface over the
entire earthquake cycle. We show both, (A) the spatial pattern (in colours varying from blue -
early postseismic, to pink - late postseismic) and (B) the temporal evolution at a chosen location
(black lines). The geodetic predictions from steady rigid block motion is shown in red dashed
lines, and deviations from this motion arise due to effects of the earthquake cycle.
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1.3 The underlying physical and computational problem

The goal is to infer the rheology of the fault and surrounding medium from the spatio-temporal
pattern of surface deformation that contain the features described in the previous section. Two
predominant modeling strategies are used for such studies - kinematic modeling of the deforma-
tion field and parameter estimation using dynamic models.

1.3.1 Kinematic models

Kinematic models use principles of linear elasticity to develop an impulse-response type relation-
ship between unit inelastic shear and displacements at the Earth’s surface [e.g., Segall, 2010]. This
set of linear relationships is then used to construct a set of normal equations to estimate slip or
strain distributions within the discretized domain to explain the data. The results of such an ex-
ercise are estimates of the inelastic source deformation (fault slip - As(¢) and distributed strain -
Ag(t)), which then may be combined with elastic stress computations to estimate the constitutive
relationship between stress change and incremental slip/strain and other derivative quantities.

1.3.2 Dynamic models

Dynamic models take an alternative forward modelling approach, whereby equations of motion
are used to solve for the time-dependent bulk and surface deformation arising from an underlying
source process, which itself may be explicitly modeled to be time-dependent. These dynamic
models typically perform physics-based simulations to solve for the stress (o) and strain-rate
evolution (¢) consistent with quasistatic equilibrium: V.o (€)+£, = 0. f, is the equivalent body
force applied to the system, which could arise from gravity or imposed slip and tractions as a
boundary condition [e.g., Segall, 2010]. The constitutive relations i.e., ¢ as a function of ¢, along
with knowledge of the initial and boundary conditions can be used to compute the evolution of
deformation at the observational sites on the surface of the Earth and an optimization may be
performed to estimate the best-fit coefficients relating ¢ and é.

The boundary conditions for this system generally correspond to Dirichlet boundaries at the
lateral edges of the domain (either zero or fixed plate motion depending on how the data is de-
composed), and traction-free boundaries at the vertical edges (e.g., Figure 2JA). The initial con-
ditions are thought to strongly control the behaviour of the system, and generally come from an
estimate of the pre-earthquake velocities or strain rates in the system and an imposed stress per-
turbation from the coseismic event. Some modeling strategies treat the pre-earthquake strain rate
as a free parameter that is also estimated as part of the inverse problem.

1.3.3 Decomposing the time series

To simplify the inverse problem, many kinematic and dynamic modeling studies decompose the
observed tectonic deformation time series into additive contributions arising from (1) a constant
in time but spatially variable velocity field and (2) residual terms that are supposed to correspond
to time-dependent postseismic deformation (Figure [I). This simplification helps split the spatial
domain of the problem into a computationally convenient framework - by neglecting the spatially
variable velocity field, post-earthquake relaxation studies need only model inelastic deformation
sources that satisfy a zero-displacement boundary condition; a condition that is satisfied trivially
for a finite deformation source. A point to note is that this linear decomposition of the timeseries
holds exactly for kinematic methods as well as dynamic models that employ a linear rheology,
but can be a source of error and bias if the rheology is non-linear.

6
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1.3.4 Viscoelastic earthquake cycle models

To circumvent issues related to far-field boundary and initial conditions, as well as data decom-
position, numerical studies can focus on periodic earthquake cycles. These class of models have
been developed in an effort to predict and explain time-dependent earthquake cycle deformation
consistent with not only a single earthquake, but the cumulative effects of periodic earthquake
sequences integrated over time (across 10’s or 100’s of earthquakes) to reach an approximately
cycle invariant state.

Analytic and semi-analytic interseismic velocity models have been developed assuming lin-
ear viscoelastic rheologies in both the cases of a finite thickness faulted elastic layer over an un-
bounded viscoelastic region [Savage and Prescott, 1978;|Cohen and Kramer|, 1984; \Hetland and Hager,
2005, 2006], depth-averaged rheology models [Lehner and Li,[1982;\Li and Rice, (1987} |Spence and Tur-
cotte, 1979], as well as a thin viscoelastic channel [Cohen and Kramer, |1984]. These models use lin-
ear Maxwell or Burger’s rheologies [Hetland and Hager, 2005] to describe the viscoelastic medium
and assume that earthquakes rupture the entire elastic layer. More recent studies account for the
mechanical coupling between afterslip and viscoelastic deformation. Since these models involve
linear rheologies, the effect of velocity boundary conditions is weak, and the inverse exercise sim-
ply involves fitting the curvature in the data with an optimum value of the viscosity (or viscosities
for a Burger’s body) of the system.

An alternative approach is to incorporate rheological parameterizations based on laboratory
experiments when solving for equilibrium conditions. These laboratory-derived rheological mod-
els are typically determined from studies of single crystal or polycrystal assemblages of minerals
thought to be the dominant deforming phase in the crust (quartz) and mantle (olivine) [Hirth,
2002 Hirth and Kohlstedt, 2003]. These flow laws are then evaluated at values determined from ge-
ological estimates of compositional and thermal variations within the lithosphere to derive rock
rheologies at the kilometer scale [Lyzenga et al., 1991; Reches et al.,(1994; (Takeuchi and Fialko, 2012,
2013]. Recent numerical studies have incorporated viscoelastic deformation in simulations of
earthquake sequences along a strike-slip fault setting, providing a self-consistent framework that
can reproduce all aspects of the earthquake cycle, including spontaneous earthquake nucleation,
propagation and arrest [Lambert and Barbot, 2016; |Allison and Dunham), 2017, 2021].

Both classes of numerical simulations pose their own challenges. Linear viscoelastic models
are borne out of computational simplicity and are able to fit many aspects of postseismic defor-
mation, however they predict late interseismic locking depths that are significantly deeper than
the brittle-ductile transition and are limited in their ability to match observations [e.g., |Takeuchi
and Fialko, 2012]. Numerical simulations that make use of more sophisticated laboratory-derived
flow laws are more numerically challenging and computationally expensive [e.g., Lambert and
Barbot, 2016]. While they are able to better explain observations over the entire period between
earthquakes, their relatively high computational expense poses a challenge for coupling them
into an observational data-driven optimization problem, limiting their current utility for explor-
ing and identifying effective constitutive relations of the lithosphere. Thus, there is need for a
class of simulations that both satisfies the plate motion-derived kinematic boundary conditions
and enables efficient exploration of various rheological parameterizations in order to evaluate
what constraints may be afforded from surface deformation data on the effective rheology of the
lithosphere.
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Figure 2: (A) Geometry of the numerical experiments. The domain of the stress calculations are
separated into an elasto-frictional domain from 0-20 km depth and a viscoelastic domain from
20-50 km depth. Shear resistance in the frictional domain is given by rate-state friction, while
the viscoelastic domain is governed by either a Maxwell rheology (the dashpot can be linear or
power-law) or a linear Burgers rheology. (B) These rheologies are shown schematically. 1y -

Maxwell viscosity, n;- Kelvin viscosity. (C) Long-term viscous strain rate (\/ (£3)° + (SE)2> as a

function of the power exponent n.
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1.4 Aim of this study

In this article we discuss using earthquakes and the related cycle of loading and stress release,
in an idealized two-dimensional strike-slip fault geometry, to study the rheological properties of
the lithosphere. The aim is to develop numerical models of periodic earthquake cycles that sat-
isfy the applied boundary conditions in the long-term (integrated over many earthquake cycles)
as well as mechanical equilibrium throughout the earthquake cycle. We qualitatively compare
the predictions from our simulations with observations from strain-rate regimes that are orders
of magnitude apart, i.e., the interseismic period (¢ < £%) and the postseismic period (¢ > 10¢%),
where £ refers to the steady-state strain rate of the system or the strain rate averaged over geo-
logical timescales (~ 1 Ma).

We do not attempt to solve for a best-fit rheological description like one would in an inverse
problem sense. Instead, we show that linear viscoelastic rheologies need different parameters
to explain the interseismic and postseismic periods of the earthquake cycle, as can be modelled
by a Burgers rheology [e.g., Hearn and Thatcher, 2015], while steady state power-law rheologies
with power exponent n > 3 are able to simultaneously explain the observed localization of strain
preceding great earthquakes on mature faults, as well as the typical curvature observed in post-
seismic deformation timeseries.

2 Methods

Our numerical model is developed in an anti-plane geometry i.e., displacements are only in
the out-of-plane x; direction, while displacement gradients exist in the x, x x3 plane. We con-
sider a faulted elastic plate supported by a visco-elastic substrate subject to imposed boundary
conditions. The thickness of the elastic plate is Dg, while the viscous substrate extends from
[Dr, Dr + Dy]. The elastic plate extends infinitely in the x, direction, and the viscous domain is
chosen to be large enough to approximate this infinite x, extent (Figure 2JA).

The boundary conditions for the simulations we run depend on the timescale of the problem
i.e., we split the problem into a viscous boundary-value problem for the long-term simulation,
and a set of Boundary Integral Equations to simulate the earthquake cycle [Mallick et al.,[2021].

2.1 Long-term viscous strain rate

The governing equation for the viscous boundary-value problem is posed in terms of the scalar
velocity field v(x;,x3),

dlogn dv(xa,x3) | dlogn dv(xz,x3)
2 —
Viv(i,xs) = ( x> 0x> + 0x3 0x3

where rheology of the substrate is described as follows,

1 / nl . 1 dv
E =A ( 0122+C7123) ; OL=MNELN=T1 (Ea_xl> (2)

A is a rtheological constant, n is the power in the power-law relation £ = Ac”" , 7 is the viscosity
and the individual stress components are oj;.

(1)



20 2.1.1 Boundary conditions and solution

26t The boundary conditions on this system are as follows: traction-free at the base (013 (x3 = Dr+ Dy) = 0);
22 lateral edges are subject to anti-symmetric Dirichlet boundaries (v (x, — o) = £%°); the entire

263 fault slips uniformly at v* resulting in rigid block-like motion of the elastic layer (0 <x3 < Df).

284 There exist analytical solutions to this system, as least for spatially uniform values of A,n

285 [Moore and Parsons, 2015]. The viscous strain rates for a choice of power-law rheology only de-

26 pend on n (Figure P2C) and weakly depend on the dimensions of the system. We present these

267 solutions in terms of rescaled dimensions x},x;, where x; = ’@E—VDF and x} = 1%' The domain for

288 the solutions are 0 < x’3 <l,—-o< x’2 < . We choose the aspect ratio @ = 10, which is sufficiently
20 large such that there are negligible effects due to the location of the boundary on the strain-rate
200 tensor [Moore and Parsons, 2015].

- » cosh mm(1—xy) ,
oo PPN PN mim
Vv 20 w m=1 cosh m w\/ﬁ
500 ~ sinh mﬂ'(l—xg) / (3)
Ve w+/n \ == cosh % w+\/n

201 We remind the reader that ¢ refers exclusively to the viscous component of the strain rate. The
202 total strain rate, which is a sum of the viscous and elastic components, is denoted as &, =
203 €+ Eelastic-

24 2.2 Periodic earthquake cycle simulations

205 The steady-state solutions for long-term viscous creep rate (Equation 3 Figure 2[C) can be used
26 to compute an equivalent background stressing rate to load earthquake cycle simulations [Mallick
207 et al.,2021]. We note that without the long-term strain rates, one would have to assign a spatially
28 variable long-term slip rate and strain rate to drive the earthquake cycle simulations [e.g.,|Lambert
200 (and Barbot, 2016]], but this would not necessarily satisfy the boundary conditions of the system.

300 Using a background stressing rate that is kinematically and dynamically consistent with the
301 long-term boundary conditions, we transform the time-dependent partial differential equations
22 for quasi-static equilibrium to a set of coupled ordinary differential equations [e.g., Lambert and
s0s  |Barbot, 2016; Mallick et al., 2021]. Here we discuss the procedure in brief; we discretize the non-
s04 elastically deforming part of the domain using constant-slip boundary elements for faults and
05 constant-strain boundary elements for viscous shear. These boundary elements along with Equa-
6 tion [3/can be used to compute the long-term loading rate of the system as follows,

oy Krr Kri12 Krpiz | | V7
65| = |Kior Koz Kioiz| |—€5 (4)
G5 Kisr Kizio Kiziz| | —€5

s7 K, is a stress-interaction kernel or the boundary-element approximation of the Green’s function
w8 tensor that describes the elastic stress transfer to any given element a in response to inelastic shear
w9 (slip on faults and strain in shear zones) on the considered element b [Barbot, 2018].

310 Deviations from the long-term loading rate (Equation ) drive frictional slip and viscous shear
si within the computational domain over the earthquake cycle. The set of coupled ordinary dif-
sz ferential equations we need to solve is therefore the instantaneous momentum balance for each
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boundary element [e.g., Mallick et al., 2021]. To do this, we account for the full elastic interaction
between each point on the fault and in the viscous shear zones using the above described stress
interaction kernel .

KF,F KF,IZ KF’]3 v—1 ; fﬁ;tmn ‘
Kior Ki2gz Ki2az| [E2— €| = 91237}4_17_(13;2 5)
K13,F K13712 K13713 E13— 8‘1”3 é13((11_? +1n d§;3

The left hand side of this set of equations is the stressing rate in the system arising from elasticity
while the right hand side is the time derivative of the shear resistance provided by the rheology
of the fault zone and viscoelastic medium. Details about the chosen rheologies are provided in
the following section.

2.2.1 Friction and viscous laws

Resistive strength evolution on the fault (Equation 5) is described by rate-dependent friction
[Marone et al.,1991] i.e., the resistive strength of the fault is given by fo, where f is the friction
coefficient and o, is the effective normal strength on the fault, and reference values fj, vo.

Ofriction = J (V) Op = (fO + (a—b)log %) On (6)

The rheological models we test in the viscoelastic domain are the linear Maxwell, linear Burg-
ers and power-law rheologies (Figure 2B). The total strain rate in these rheologies are of the form,

-G
, G o . u, Burgers body
Etotal = G +— +& Nk (7)
MM 0, otherwise

where ¢ is the Kelvin strain only present for a Burgers body, ny is the viscosity of the Maxwell
element (for power-law rheologies, 1y in turn is a function of ¢ i.e,, %7} # 0 in Equation 5) and G
is the elastic shear modulus of the system.

To study the role of viscous rheology in modulating the stress state in this system, and the
associated displacement and velocity field at the free surface, we vary the two parameters used
to describe the rheology in the viscous shear layer for the spring-dashpot bodies (linear Maxwell
and power-law): A,n; while we vary the Kelvin and Maxwell viscosities for the Burgers material:
Nk, N. We also vary the recurrence time for the earthquake to see how relaxation in the lithosphere
is related to the magnitude of coseismic stress perturbation. We list model parameters we varied
for these simulations in Table[Il

2.2.2 Initial conditions from coseismic slip

The set of ordinary differential equations we need to solve is Equation[§in terms of the variables
[v, €12, £13], subject to the rheologies in Equation|f{7} To guarantee a unique solution for this system,
we need to determine the initial condition for [v,&2,£&3]. This is done by using the stress change
due to prescribed coseismic slip on the fault to instantaneously change values of [v, &2, £13] subject
to their rheological properties [Montési, 2004]. We prescribe coseismic slip as a uniform value of
u” = v*T,, within the locked domain (2-15 km), and tapered in the surrounding section of fault
such that the stress increase does not exceed 3 MPa and slip within this domain is minimized
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Table 1: Model parameters for earthquake cycle simulations

Parameter Range
Fault width 20 km
x3 scale 30 km
x; scale 200 - 500 km
Shear modulus (G) 30 GPa
Teq 50, 100, 200 yrs
v 10" m/s
Viscous layer (linear Maxwell, power-law)
Ax variable mesh size
n 1,2,3,4,5,6
Al 10183 % 10'8.7 % 10'8,10!°,5 x 10'°,10%°
Viscous layer (linear Burgers)
Ax variable mesh size
Ny (Pa-s) 1018.5 % 10'8,101°,5 x 101°,10%°
Nk (Pa-s) 5x10'7,10'8,5 x 1018
Fault parameters
Axz 500 m
a—b 0.015
On 40 MPa
fo,vo 0.6,107°m/s

(Figure 2A). This is a linear inequality constrained optimization that is done using the MATLAB
function Isqlin.

With the initial conditions determined from coseismic slip, we integrate the system of equa-
tions using MATLAB’s Runge-Kutta fourth order solver ode45 to obtain the time history of [v, &2, &3]
over the entire domain. Since the coseismic slip derived initial conditions only provide a change
in the integrable variables, we need to run these earthquake cycles a number of times until we ob-
tain cycle invariant results [e.g.,|[Hetland and Hager, 2005} Iakeuchi and Fialko,2012]. In that case, the
coseismic slip derived stress change is imposed every T, years. We find that, depending on rhe-
ology, 10-20 cycles is sufficient to obtain cycle invariant results given the rheological parameters
and timescales we have chosen.

2.3 Parameters that can be estimated geodetically

We consider two main parameters that can be inferred geodetically that are generally used to de-
scribe the period following and leading up to large plate boundary earthquakes. In the postseis-
mic period we estimate the effective relaxation time of the system, tg; we describe the interseismic
signal using an effective locking depth, Dj.

For postseismic relaxation, we consider only the deviation from steady state behaviour i.e.,
we remove displacements associated with the long-term motion of the plate boundary or the
steady-state strain rates (£, £]3). We characterize the transient surface displacements during the
tirst 2 years following the earthquake using a two step procedure. First we use singular-value
decomposition on the displacement timeseries and extract the temporal component associated
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with the most dominant singular value. We fit this with the following functional form,

u(t) = B (1 —exp(—1/ir)) ®)

The estimated value of 7z gives the best-fit relaxation time of the system over the observational
window [Perfettini and Avouac, 2004].

Later in the earthquake cycle, we consider the interseismic period as the time period when the
maximum surface velocity is smaller than the relative plate velocity i.e., [v(x2)| < %. The resulting
velocity field can then be fit to an arc-tangent function [Savage and Burford,|1973],

v<xz>:§tanl( X2 ) )

D lock

The estimated locking depth controls the effective width of the surface that is experiencing in-
terseismic strain, and is thus a physically motivated representation of the spatial pattern of the
signal.

3 Results

We describe the surface deformation observations predicted at geodetic sites over the entire earth-
quake cycle, as well as the corresponding strain rate evolution within the viscoelastic domain from
our numerical experiments (Figure 3} ). Since we are interested in cycle invariant behaviour, we
only present results from the last earthquake cycle; the previous cycles are necessary only for spin
up. The results are discussed separately for linear Maxwell, linear Burgers and power-law rhe-
ologies in terms of interseismic locking depths (Figure [5), cumulative postseismic displacements
(Figure[6) and effective relaxation timescales (Figure|[7).

3.1 Linear Maxwell

For linear Maxwell rheologies, both the amplitude and effective relaxation timescale of the post-
seismic response directly depend on the viscosity (nu). As nu increases, the timescale for stress
relaxation following the coseismic perturbation (fz) increases, while the magnitude of the initial
jump in strain rate (Aé(Ar = 0)) decreases.

Nm
tR = E
K (T, (
Ny (r — 0) = o o KO7Tea)
Nm Nm

A dominant feature from simulations incorporating a linear Maxwell rheology is that they
show strain rates that are diffusive is space and in time (Figure[3A). The initial strain rate following
the earthquake decays in space as expected from the stress change A7,. In time, the elevated strain
rate is damped as it diffuses outwards. At the end of the earthquake cycle (Ar/T,, — 1), nearly the
entire viscoelastic medium is at a uniform strain rate level and the resulting surface velocity field
appears to have a near constant spatial gradient (Figure @D).

Many aspects of the evolution of this viscoelastic system can be explained by a single dimen-

sionless variable, 1)y = 2T_§Z = g;;’ [Savage and Prescott, 1978; |Savage, |2000]. Models with 1)y >> 1
generate relatively large magnitude postseismic deformation early in the earthquake cycle and
predict relatively small near fault velocity gradients late in the earthquake cycle. Conversely, if
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Ty << 1, the model behavior approaches the elastic limit where there is negligible viscous re-
sponse and the predicted surface velocities vary only moderately around the steady state elastic
expectation throughout the earthquake cycle.

3.1.1 Interseismic locking depth

Systems characterized by large 7y, which could arise from large T,, or small #, result in large
locking depths at the end of the interseismic period while low 7, systems show significantly
smaller locking depths (Figure 5JA-B). An additional feature is that the estimated locking depth
in these simulations increases monotonically in time, with the amplitude of this time-dependence
directly related to 7y (Figure[5D).

3.1.2 Postseismic creep and relaxation time

Postseismic velocities following an earthquake decay exponentially for linear Maxwell bodies
beyond a short, initial acceleration period. This acceleration period scales with the logarithm of
Nu. The time constant for the subsequent decay is the relaxation time of the system (zz), and it is
a material property (Figure[). As a result, 7., does not affect the estimated 7z value or the spatial
pattern of postseismic deformation (Figure|6]7).

3.2 Linear Burgers

The linear Burgers rheology is characterized by two separate timescales: a short-term anelastic
timescale & controlled by the viscosity of the Kelvin element, and a long-term Maxwell timescale
%M (assuming My < nu) [Miiller, (1986; |Hetland and Hager, 2005]. Only the creep associated with
the Maxwell element is recorded as permanent strain, the anelastic term is significant for geodetic
observations but does not leave a record in the long-term.

Similar to the linear Maxwell case, the linear Burgers body also exhibits a tendency to diffuse
strain rate away from the fault with time (Figure3[C). This pattern depends on three variables - T,
and the two relaxation times associated with n; and ny. Large values of 1y, i resemble an elastic
medium, and small values of T, lead to small stress perturbations and hence minimal deviation
from a time-invariant steady-state model. Small values of n; and nu, or large values of T, lead
to more pronounced earthquake cycle effects. The effects of these quantities can be understood
by examining the instantaneous strain rate change in the Kelvin and Maxwell elements due to
coseismic slip.

K (v°T,
A (At = 0) ~ K (7 Teq)
K ZkT ) {1
A&y (At = 0) ~ K (7 Teq)
Nm

The subsequent relaxation follows an initial relaxation controlled by n; which then smoothly tran-
sitions to the relaxation timescale of 1. The transition timescale is controlled by the ratio of 7177_,:}

[Hetland and Hager, 2005]. While we do not consider scenarios of 7177_,(} > 1 in our simulations, the
reduction of a Burgers system to a Maxwell body is possible by increasing g—ﬁ’; — oo since at that
limit there is no transient strain in the Kelvin element anymore.
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3.2.1 Interseismic locking depth

Late interseismic locking depths show systematic dependence on only two parameters - 1y and
T.q (Figure BIC). m; controls the early postseismic response but does not contribute to the late
interseismic behaviour. Larger ny produces smaller locking depths while increasing 7., increases
the locking depths, which suggests that late interseismic behaviour of this system is controlled
by the same dimensionless parameter as the linear Maxwell case, 7y = % [Savage and Prescott,
1978; Savage, 2000]. The estimated locking depth for simulations with small eftective 7y, due to
low T,, or large ny, are comparable to a purely frictional-elastic simulation and show a nearly
time-invariant behaviour (Figure pD).

3.2.2 Postseismic creep and relaxation time

Linear Burgers bodies do not have a single relaxation timescale, and thus our estimates of #z
depend on the time window that is considered. However, this relaxation timescale is independent
of the coseismic slip magnitude and thus has no dependance on 7,,. We consider a 2-year time
window, which is a typical observational window used in geodetic studies, in order to estimate
the relaxation time and effective viscosity of the system. In most of our simulations, this estimated
relaxation time corresponds to sampling the viscous relaxation controlled by n;. Higher values of
Nk lead to larger relaxation times, with the effect of 1y, being negligible for the 2-year observational
window and the parameter range we considered (see caption in Figure [6).

3.3 Power-law

Our numerical experiments governed by power-law rheologies are characterized by two main fea-
tures - (1) the interseismic locking depths appear to be a constant in time and only weakly sensitive
to the parameters we varied (Figure F|A-B), and (2) the postseismic relaxation timescale and am-
plitude appear to depend on the coseismic slip amplitude and conform poorly to the exp (—t/tz)
functional form we chose to fit it with (Figure , EIB), i.e., the curvature in the timeseries is closer
to a logarithmic decay than the exponential function we chose [e.g., Montési, 2004].

3.3.1 Localized deformation and interseismic locking depth

For our simulations with power-law rheologies, deformation throughout the entirety of the earth-
quake cycle is significantly more localized in space than as observed for the linear viscoelastic
rheologies discussed above (Figure BIC). The extent of localization depends on the power expo-
nent n as well as the rheological parameter A. We contrast this with the fact that the solution to
the long-term viscous boundary value problem does not depend on A (Equation [3). Thus, our
simulation results suggest that both A and n may be inferred from geodetic data by combining
insight throughout the entire earthquake cycle.

Larger stress exponents n favor increased localization while large coefficients A reduce the
impact of stress perturbations from coseismic slip, similar to how the magnitude of the viscosity
of linear rheologies controls the change in strain rates in Equation {10, While the degree of strain
localization depends on the power law stress exponent, for the parameter space explored, we
find that models with power law exponents n > 3 exhibit nearly identical late interseismic locking
depths (Figure[5A,D), and are generally comparable to simple back-slip models of interseismically
locked faults.
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3.3.2 Postseismic creep and relaxation time

The postseismic deformation timeseries is not expected to conform to the exponential functional
form we used to fit the timeseries. This is because the exponential function is a solution to the
linear viscoelastic problem [Perfettini and Avouac,2004}], and the outputs of a power-law rheology
correspond to an effective viscosity that systematically increases in time [Montési, 2004]. How-
ever, since we consider time windows on the order of 1-2 years, the relaxation timescale can be
tit using a linear viscoelastic approximation to estimate an average relaxation time over that win-
dow. These relaxation timescales are not only dependent on rheological parameters A,n but are a
function of the earthquake size, parameterized here in terms of coseismic slip (Figure|6).

For a given set of rheological parameters A,n (for n > 1), the cumulative postseismic deforma-
tion over a given time window (in this case Ar =2 years), even when normalized by the coseismic
slip amount, increases with earthquake size (Figure[7/]A). The normalized postseismic deformation
following small earthquakes in our simulations (™ ~ 1.5m) amounts to about 30% of the normal-
ized postseismic deformation following the largest earthquakes (™ ~ 12m). On the other hand,
the estimated relaxation timescale decreases with increasing earthquake size (Figure[7B).

4 Discussion

We have developed numerical earthquake cycle experiments in order to test how well popular
rheological models are able to qualitatively reproduce different observational features in geodetic
studies over the entire interseismic period. Our simulation results illustrate the non-uniqueness
of rheological models, and their parameters, in explaining postseismic data alone (Figures [5]7).
However, we demonstrate how this non-uniqueness can be mitigated to some extent by incorpo-
rating data corresponding to strain accumulation in the late interseismic period (Figure [5). We
find that steady-state power-law rheologies with n > 3 as well as linear Burgers rheology with
nm ~ 10%° Pa-s and n; ~ 10'® Pa-s are able to explain early postseismic relaxation as well as the
strain localization observed near strike-slip faults late in the interseismic period. While we do not
show it explicitly, nonlinear Burgers rheologies with n > 1 (with relevant A values) could explain
the geodetic data just as well. This is because a steady-state rheology, linear or power-law, is sim-
ply a limiting case of an appropriate Burgers rheology where the transient viscosity is much larger
than the steady-state value. On the other hand, linear Maxwell rheologies are simply insufficient
to explain the observational features.

In the following sections, we first discuss the equivalence between linear Burgers and power-
law descriptions of lithospheric rheology for the earthquake cycle, and then detail geophysical
observations that may be required to convincingly discriminate between these two rheologies.
We then expound on the relationship between inferences of average rheological parameters from
crustal scales and those measured in laboratory experiments, and how a power-law rheology is
consistent with both geodetic observations and laboratory-derived flow laws. Finally, we con-
clude with the implications for stress transfer and the associated assessment of regional hazard
when frictional and viscous creep are mechanically coupled.

4.1 The effective rheology of the lithosphere

Geodetic investigations of lithospheric rheology, specifically the lower crust and uppermost man-
tle, that consider only a relatively short time window (At < 5 years) as is typical of geodetic post-
seismic studies, may not be able to distinguish between any of the rheological models discussed in
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Figure 5: Compilation of late interseismic locking depths for various rheological choices and two
different 7,,. Locking Depth (assuming an arc-tangent functional fit - %tan_1 7) for (A) Linear
Maxwell and power-law materials with »n varying from 1 to 6 for 7., = 50 years. (B) Same as
(A) for T,, = 200 years. (C) Locking depths for a linear Burgers rheology for a constant n; and
varying 1y and T,,. Late interseismic locking depths show no dependence on 1. (D) The esti-
mated locking depth varying in time over the interseismic period for different rheologies. Both the
power-law body and linear Burgers (with large 1)) show nearly time invariant late-interseismic

locking depth.
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Figure 6: Postseismic relaxation times for linear Maxwell and power law bodies estimated over a
2 year period following the earthquake for a recurrence interval of (A) 50 years and (B) 200 years.
Increased T,, leads to larger coseismic slip (4™ =v>T,,), and hence larger stress change to drive
postseismic creep. Linear Maxwell bodies follow a stress-independent relaxation time given by
tr ~ " The relaxation time of power law bodies show a significant reduction for larger coseismic
slip. We do not show the results for Burgers bodies since their relaxation times over the given
time window are exactly as predicted by the viscosity of the Kelvin element #g ~ %.

this paper (linear Maxwell, linear Burgers and power-law). This is because postseismic geodetic
observations can be reduced into two features - a spatial pattern of cumulative postseismic defor-
mation and the effective relaxation timescale (Figure [7), and there exists a non-unique mapping
between rheological parameters from each of the discussed rheological models to these spatial
and temporal patterns of the deformation data (Figure[7]-[S|A-B).

However, the three rheological models display diverging behavior as the observational win-
dow gets larger; this is what we exploit during the late interseismic period. Interseismic strain
localization and the stationarity of the locking depth in time is observed in models with either a
power-law rheology or a linear Burgers rheology that approximates the effective viscosity evo-
lution of a power-law body (Figure [8D). In contrast, linear Maxwell rheologies promote diffuse
strain distributions (Figure 3) which manifests as an increase in effective locking depths late in the
earthquake cycle (Figure[5D), a feature that is not seen even in the best monitored strike-slip fault
systems in the world [e.g., Hussain et al.,2018]]. This leads us to suggest that Earth’s lithosphere
cannot be well-described by a homogenous linear Maxwell body, at least over the timescale of the
earthquake cycle.

These findings do not invalidate previous work on estimating the effective viscosity from post-
seismic, post-glacial and lake rebound deformation observations assuming a linear Maxwell rhe-
ology [e.g., |[Kenner and Segall,|2003; Johnson and Segall, 2004; Devries and Meade, 2013} Tamisiea et al.,
2007; \England et al.,|2013} Kaufmann and Amelung, 2000; Larsen et al.,2005]. However, the important
implication is that these estimates of the average viscosity, or viscosity structure, are tied to the
observational window. This detail becomes apparent when comparing the lithospheric viscosi-
ties estimated from processes that occur over different timescales; longer observations windows
typically show significantly higher viscosities e.g., the viscosity of the upper mantle estimated fol-
lowing deglaciation (since the Last Glacial Maximum), which represents a 10* year observational
time window, is between 10%° — 10?! Pa-s [e.g., Tumisiea et al., 2007; Milne et al.,|2001] while typical
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viscosities estimated in the decade(s) following M,, > 7 earthquakes range from 10'® — 10! Pa-s
[e.g., Kenner and Segall, 2003} |Pollitz, 2005; Ryder et al., 2007]. Both power-law and linear Burgers
rheologies can help reconcile these apparently disparate viscosity estimates since both processes
produce time-dependent viscosities which increase with time since the applied stress perturbation

(Figure 8D).

A) Cumulative displacement (At = 2 yr) (B) Relaxation timescale
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0.08 + Linear rheologies
(viscosity ~ 3x10'® Pa-s)
0.06 T T ..GC_J. 0.8+
0.04 1 £
3 &
1 <
0.02 So06 @ T
3 @ coseismic
g 0 © slip
-0.02 1 804l T, =50yr u=~15m |
= T_=100yr u=~3.1m
-0.04 1 & «a y
5 Teq =150yr u~~4.7m
-0.06 T z02 T ow T
-0.08 T
’ ! ’ 0 ; ; :
-200 -100 (:( 100 200 05 1 15
X, (km) At (yr)

Figure 7: Magnitude dependent postseismic motions for power law bodies. (A) Cumulative post-
seismic displacement (steady state component removed) normalized by the coseismic slip amount
(u” =v=T,,) over 2 years for the same rheology. By increasing the earthquake recurrence interval,
we increase the coseismic slip amount. Only power law materials show increasing cumulative de-
formation with increase in the recurrence interval. (B) As the cumulative deformation increases,
the relaxation timescale decreases i.e., the postseismic deformation becomes faster and larger.

4.1.1 Similarities between power-law and linear Burgers rheologies

A question that arises at this point is - how can a linear and power-law rheology satisfactorily
explain deformational data throughout the earthquake cycle? The near equivalence between lin-
ear Burgers and power-law bodies in our simulations exists because of a non-unique mapping
between rheological parameters for each model and the observational features that we use to
describe the deformation timeseries (Figure -C).

Consider the viscosity evolution of a power-law body. The power-law rheology results in a
lower effective viscosity during the relatively high stress and strain rate postseismic period, and
the viscosity gradually increases as stress relaxes and decays to a near time-invariant interseismic
state (Figure D). The linear Burgers rheology captures this same kinematic behaviour through
completely different dynamics. The Burgers description can be thought of as a technique to de-
scribe non-steady state viscous rheology i.e., there exists a finite timescale or strain over which the
system has to evolve to reach the unique mapping between stress and strain rate [Miiller| 1986;
Hetland and Hager, 2005]. In the case of a linear Burgers rheology, the initial low effective viscosity
during the postseismic period is a disequilibrium feature that smoothly evolves to its significantly
larger steady state viscosity (Figure D).

While the overall kinematics predicted by the two different rheological models appear similar,
the predictions from the two models are not identical (Figure inset). Although they would
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likely be difficult to distinguish after considering the errors and uncertainties in typical geodetic
datasets and the various models employed to fit the data [Duputel et al.|, 2014; Minson et al., 2013]].

4.1.2 Magnitude-dependent postseismic motions

Our simulation results suggest that linear Burgers and power-law rheologies may in principle be
distinguished by the sensitivity and rate of the postseismic moment release to the magnitude of
the coseismic event. For a typical time window (Af = 2 yrs), linear viscoelastic rheologies result
in postseismic surface deformation that is a linear function of the coseismic slip (u” =v*Tyq), and
thus can be normalized to produce a constant shape (Figure[7A). Similarly, the temporal evolution
of this moment release is invariant of the size of the earthquake (Figure[7B). In contrast, power-law
rheologies show a clear magnitude dependence, where the normalized postseismic deformation
at the surface is smaller for small events and grows larger with increasing coseismic slip (Figure
[7A). The temporal evolution of moment release is also a function of event size with smaller events
having much slower relaxation than larger events (Figure [7/B).

While this magnitude-dependent behaviour has not been studied thoroughly, there is some
evidence to suggest the existence a magnitude-dependent pattern in postseismic observations,
supporting the interpretation that lithospheric deformation may follow a power-law rheology.
For example, multi-year post-seismic viscoelastic deformation has been clearly observed and doc-
umented following Mw > 7 continental earthquakes [e.g., \Savage and Svarc, 2009; Wen et al., 2012;
Wang and Fialko, 2018; \Freed and Biirgmann, 2004; Freed et al., [2010; Zhao et al., 2021} Pollitz, 2019;
Moore et al.,2017; |Tang et al.,|2019], however observations of notable viscoelastic deformation fol-
lowing slightly smaller (6.5 < Mw < 7.0) continental earthquakes are equivocal [e.g. |Savage et al.,
1998; Wimpenny et al., 2017; Bruhat et al., 2011]. Such distinction in observed postseismic behav-
ior for different sized earthquake ruptures may indicate a critical coseismic stress perturbation
required to activate geodetically detectable viscous flow, as would be expected from power-law
rheologies (Figure 7). Identifying a clear magnitude-dependence of postseismic viscous response
may be challenging given the limited historical data available for individual fault segments, how-
ever a careful global compilation of postseismic deformation over a fixed time window following
strike-slip fault earthquakes ranging from M,, 6-8 may provide further insight to any systematic
magnitude-dependent response, and help discriminate between rheological models of the litho-
sphere.

4.2 What do estimates of A and n mean at the lithospheric scale?

As previously discussed, geodetic data over a single earthquake cycle is consistent with two
classes of rheological models: (1) steady-state flow laws with power law exponents n > 3 and
a range of A values, and (2) an unsteady flow law with n = 1,1/ < 0.1,andny > 10%° Pa-s. We
note that for unsteady flow laws, we have only exlpicitly considered the linear Burgers rheology
(n = 1); a power-law rheology with an additional unsteady or transient element can exactly re-
produce the observations as well. The principle of parsimony would suggest that a steady-state
power-law rheology presents a better representation of the lithosphere, but we turn to the liter-
ature from the mineral physics community to expound on the appropriate rheological choice as
well as how to interpret what are essentially kilometre-scale averaged estimates of rheological
parameters A, i (and 1)) from geodetic data.

There are two main aspects to this discussion - (1) the contribution of multiple different mech-
anisms to the inferred parameters (4,7, 7)), (2) the spatially heterogeneous variations of the pa-
rameters of various mechanisms to our spatially uniform estimates of the inferred rheological
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Figure 8: Approximating power-law rheology (A = 10'°,n = 3) with a linear Burgers body (ny =
10% Pa-s, 1 = 3 x 10! Pa-s) for T,, = 200 years. (A) Cumulative displacement for power-law and
linear Burgers rheologies after 2 years. The inset shows snapshots of cumulative deformation over
increasing time windows of 0.5,2, 10,30, 50 years (blue - short timescale, yellow - long timescale).
(B) Relaxation time function extracted from the timeseries. (C) Late interseismic velocity field. (D)
Average viscosity evolution in time for both rheological models. n(Ar) = L1008 e 03,00 dxdrs
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parameters.

4.2.1 Averaging over multiple mechanisms and assemblages

The simplified rheology we employ in this article (Equation 2) is a composite flow law, that under
the assumption of linear mixing would attempt to approximate a linear combination of multiple
micro-scale processes in the following way,

¢ =Aoc" ~ Z [ci exp (—%) d_miciqiuid:| o (12)
1

This summation indicates simultaneously active processes with different values of the power-
law exponent (n;), each having material specific corresponding activation energy and volumes
(Qi, V), grain size dependence (m;) and fluid phase dependence (r;). ¢; is a material and process
specific constant, Cp,jg may refer to either the water fugacity or melt fraction, R is the universal
gas constant, T is the absolute temperature of the system and d is a central tendency of the grain
size distribution in the sample.

Power-law rheologies for rocks with stress exponents of n ~ 3 —4 are considered representa-
tive of dislocation creep, where deformation is accommodated by the migration of dislocations
and dislocation planes within the crystal lattice [e.g., Chopra and Paterson, (1981} Hirth and Kohlst-
edt, 2003]]; linear rheologies indicate the diffusion of vacancies and defects through the mineral
grains and grain boundaries [e.g., |[Rutter and Brodie, 2004; |[Karato et al., 1986]; intermediate values
of n have been suggested to be related to grain boundary sliding [e.g., Hansen et al.,2011} Goldsby
and Kohlstedt, 2001], although it is important to note that this mechanism is intrinsically coupled
to either diffusion or dislocation creep [Raj and Ashby, 1971; |Hansen et al., 2011]]. In addition to
mechanical processes, thermal effects can also be relevant to lithospheric deformation. Thermal
effects are typically thought of in terms of the steady-state geothermal gradient, but this thermal
profile can be perturbed by viscous heating during rapid shear and an associated thermal diffu-
sion [[Iakeuchi and Fialko,2013; Moore and Parsons, 2015]. As a consequence, the effective power law
i inferred at the kilometer scale need not be bounded between 1 and 4, but instead may by even
higher [e.g., Kelemen and Hirth,|2007].

If any of the individual parameters in Equation [12]evolve with incremental strain or time e.g.,
temperature or grain size [Allison and Dunham,2021; Montési and Hirth,2003], then there would not
be a unique relationship between £ and ¢ until a steady state is reached. The viscous creep that
would result from this equilibriation process is often called "transient creep’, and is an important
motivation for invoking Burgers rheology [Post, (1977; |Chopra, (1997} Freed et al., [2012]. Despite
the likely presence of viscous transients, we maintain that the principle of parsimony dictates
that we choose steady-state power-law rheologies over Burgers rheologies for modeling geodetic
data. To further illustrate this preference, we draw parallels between the aforementioned transient
viscous creep and deviations from steady-state frictional strength in rock friction experiments.
Unsteady evolution of the friction coefficient is captured by a state variable, 6, which is thought
to represent the quality and/or average timescale of asperity contact during frictional sliding
[Marone, 1998 Scholz, 1998]. Despite the well-known importance of 8 to many aspects of frictional
mechanics [Scholz, 2002], geodetic investigations of frictional afterslip are rarely able to resolve
the evolution of the frictional state from the data. Even when the state evolution is identified,
it is shown to quickly evolve towards steady state within a few hours and may be invisible to
typical (sampled daily) postseismic timeseries [Fukuda et al., 2009; Perfettini and Ampuero, 2008].
This argument does not obviate the existence or importance of unsteady strength evolution, but
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instead emphasizes that it is not necessary to invoke an unsteady Burgers rheology when steady-
state power-law rheologies can explain the available geodetic observations. As a result, we are
tempted to interpret the value of 7i > 3 in terms of a rheology dominated by dislocation creep,
with possible contributions from thermomechanically-coupled processes such as shear heating
and grain boundary sliding.

4.2.2 Averaging over spatially variable parameters

The inferred A, /i values do not only represent averages over multiple physical and chemical pro-
cesses, but also over a spatially varying set of parameters. The dominant contribution of this in
Equation (12| likely comes from the depth-dependence of temperature i.e., T'(x3) o< x3. However
our ability to geodetically infer spatially varying rheological parameters is limited by the spatial
smearing effect of elasticity as well as the apparent homogenization of rheological properties dur-
ing shear [e.g.,|[Hetland and Hager, 2006; Almeida et al., 2018 Ray and Viesca, 2019]]. This implies that
we may at best infer a best-fitting A, /i from a single earthquake cycle, with larger events eliciting

a response from greater depths and hence a larger A o exp (;—?) The way forward then is to use

sequences of earthquakes (events of different magnitudes and/or depth on the same fault), where
each individual earthquake may be mapped to a set of uniform A, but these parameters show
a consistent pattern, such as a fixed 7 but A increases with increasing size or depth of the earth-
quake. The implication then is that spatial heterogeneity is necessary to explain the observations
and therefore we can infer more about how the lithosphere behaves.

4.3 Coupling between frictional slip and viscous creep

An important implication of mechanically-coupled models of fault slip and distributed deforma-
tion, such as our simulations, is that stress-driven interactions between frictional afterslip on the
fault and distributed viscous flow in the lower crust and mantle are not independent processes, as
is typically considered in many inverse postseismic modeling studies. This simplification explic-
itly decouples the mechanical interactions between frictional afterslip and viscous creep and has
been shown to systematically bias the location and amplitude of inferred slip and strain [e.g., Muto
et al.,2019; Peria et al., 2020]. Our simulation results suggest that a permissible simplification may
be to treat earthquake-driven viscoelastic relaxation as an independent process while afterslip is
driven by the coseismic stress change as well as the subsequent viscous flow of the bulk medium.
We highlight this by noting the amplitude and temporal evolution of afterslip is markedly dif-
terent between simulations that consider a purely elastic medium versus a viscoelastic medium

(Figure[9).

4.3.1 Time-dependent loading rate

The effect of viscoelastic relaxation on afterslip can be thought of as a modification of the stress
loading rate along the fault. For an isolated system, the governing equation for frictional slip in
response to a coseismic stress step is k (v° —v(z)) o< w where f is the velocity dependent fric-
tion coefficient, k is the elastic stiffness and v* is the long-term slip rate of the fault [Marone et al.,
1991]. When viscoelastic relaxation of the medium is factored in, the loading term now contains
two contributions - a time-invariant contribution from v, and time-dependent stress transfer due
to viscous creep in the surrounding medium [Pollitz, 2017, 2012]. Viscous creep is itself a decay-

ing function in time, with the exact decay rate being a function of the rheology (Figure 8). Thus,
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Figure 9: Stress change and decomposition into contributions from fault slip and viscous shear for
(A) linear Burgers rheology (m; = 3 x 10'8, 1y, = 10?° Pa-s) with effective viscosity ~ 5 x 10'® Pa-s
in the plotted time window, and (B) power law rheology with n =3,A~! = 10'°. Stress is plotted
at 0, 10, 20 and 30 km away from the fault at 10 km depth. Total stress evolution from a nearly
elastic model (linear Maxwell simulation with ny; = 10%° Pa-s) is also shown (gray). The stress
evolution over the first 5 years is dominated by the viscoelastic response for linear and power-
law rheologies. Additionally, due to the mechanical coupling between fault slip and viscous shear,
stress transfer from fault slip evolution in the viscoelastic simulations is signficantly different from
the elastic simulations.
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the effective loading rate for afterslip is no longer time-invariant and the resulting timeseries for
slip and stress transferred to the surrounding medium can notably differ from simulations that
decouple afterslip and viscous creep (Figure 9).

4.3.2 Regional stress interactions

The difference in time-dependent loading between purely elastic fault models and those consid-
ering viscoelastic deformation suggests that viscoelastic interactions are an important ingredient
for efforts aimed at modeling regional tectonics and multi-fault interactions, particularly given
that the spatial footprint of this distributed deformation can be much larger than that of slip on
individual faults (Figure [B{4). Viscoelastic stress interactions have been noted to be relevant to
along-strike stress transfer and timing of a recent sequence of great earthquakes on the North
Anatolian Fault [Devries and Meade, 2016} Devries et al., 2017], and Southern California [e.g., [Freed
and Lin,|2001]]. More generally, time-dependent loading alters the stress state on the fault preced-
ing dynamic rupture. This pre-rupture stress state has been noted to control many aspects of the
rupture process from earthquake nucleation to rupture arrest, including the likelihood of ruptures
propagating over multiple fault segments [e.g., Zheng and Rice, (1998; Noda et al., 2009; Ulrich et al.,
2018} Lambert et al., 2021 Lambert and Lapusta, 2021].

Time-dependent loading due to viscous creep may be particularly important when consider-
ing interactions between major plate boundary faults and neighboring lower slip rate faults [Freed,
2005} \Kenner and Simons, 2005]. For low slip rate faults, the loading due to the long-term tectonic
loading rate, which is relatively small for low v**, may be overwhelmed by the static stress trans-
fer from a nearby earthquake and the corresponding viscous response of the ductile lower crust
and mantle (Figure 9). As a result, seismicity on such low slip rate faults may cluster in time
with large earthquakes on the major plate boundary fault and may be indicative of coordinated
time-dependent loading, as opposed to an individual long-term loading rate of each fault within
this system. Future work is needed to develop more realistic treatments of fault loading in larger-
scale simulations of fault networks and models of seismic hazard [e.g., Tullis et al.,2012;|Shaw et al.,
2018], potentially including physically-motivated approximations of viscoelastic contributions to
the effective loading rate of fault populations,.

5 Conclusions

Geodetic recordings of earthquake cycle deformation related to large earthquakes provide geo-
scientists with one of the best opportunities to estimate the effective rheology of the lithosphere-
asthenosphere system. Data-driven improvements in our estimates of rheological models and
relevant parameters translate into better constraints on the dynamics of the earthquake cycle.
For classical spring-slider descriptions of the earthquake cycle, a primary assumption is that the
long-term loading rate is fixed and deviations from this long-term motion arise from frictional
locking and sliding of different sections of the fault. Elasticity is the primary mechanism to trans-
fer stress between different locked or sliding fault sections, and since stress in an elastic model
decays monotonically from the source, stress interactions between faults are controlled by how
far away faults are from each other. The dominant effect of viscoelasticity is to modify how stress
is transferred through the medium from one section of fault to another; it alters both, the spatial
and temporal pattern of stress evolution compared to purely elastic models. This time-dependent
viscoelastic stress transfer invalidates the assumption of a stationary long-term loading rate for
a considerable section of the lithosphere surrounding the fault. By altering the effective load-
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ing rate of the plate boundary system, the viscoelasticity of the lithosphere is a cause for signifi-
cantly stronger temporal linkage and long-distance interactions between faults than expected by
frictional-elastic models of faults, with significant implications for seismic hazard and risk esti-
mates for populations living close to these regions.

From our numerical investigations and qualitative comparisons with geodetic observations of
the earthquake cycle, we find that the average viscoelastic description of the lithosphere may be
that of a power-law spring-dashpot system, although Burgers rheologies may also satisfactorily
explain the data but invoke more tunable parameters. Our preferred parameterization of the vis-
cous element in this spring-dashpot system follows a steady-state flow low of the form & = Ac”,
and the parameter ranges for the pre-factor 1/A range from 10'® — 10%° and the power exponent
n > 3. The power exponent n > 3 may strongly hint at dislocation creep being a dominant process
throughout the earthquake cycle. However, we caution direct interpretation of these parameters
from single earthquake relaxation studies. Further validation from sequences of earthquakes that
drive relaxation of the same part of the lithosphere through viscous creep is necessary for us to un-
derstand how observational data record the weighted contributions of various micro-mechanical
and thermal feedback processes that are active under the hood of this complex dynamical system.
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