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ABSTRACT

Earthquakes are a complex phenomena occurring over a variety of spatial and temporal
scales. The fault zones hosting such earthquakes are also structurally complex networks
of fractures that evolve through time. This thesis presents novel numerical simulations of
the spatial and temporal complexities of fault zones over multiple earthquake sequences, to
uncover the physics of long-term earthquake cycles that include earthquakes and aseismic
events. We use seismic, geological, and geodetic observations as well as laboratory exper-
iments to constrain the dynamics of earthquake wave propagation and quasi-static strain
accumulation in strike-slip fault systems.

In chapter 2, we examine the behavior of earthquake nucleation and rupture dynamics
on a fault surrounded by a damage zone over a thousand-year timescale. Our simulations
reveal that the reflection of seismic waves from the fault damage zone boundaries leads to
complexity in earthquake sequences, such as variability in earthquake locations and sizes.
We also show that a shallow fault damage zone produces shallower earthquakes with earth-
quake depths centered around two locations (i.e., bimodal depth distribution), as opposed
to a deep fault damage zone with the earthquake depths centered around a single loca-
tion (i.e., unimodal depth distribution). Our study suggests that imaging the geometry and
physical properties of fault damage zones could affect the depths of future earthquakes with
implications for earthquake probabilistic hazard assessment.

In chapter 3, we simulate the evolution of fault damage zones by prescribing coseismic
damage accumulation and interseismic healing as constrained by seismic and geodetic ob-
servations. Depending on the compliance (i.e., the ability to accommodate deformation) of
the damage zone with respect to the surrounding host rock, the maturity of fault zone can

vary, with higher compliance corresponding to a more mature fault zone. We find that our



models with immature fault zone tends to produce smaller earthquakes whose slip does not
reach the surface of the earth, and the duration between earthquakes is irregular. As fault
zones become more mature in the models, earthquakes can rupture to the surface and oc-
cur more regularly. Our results highlight a link between regional seismic hazard and fault
structural maturity.

Finally, chapter 4 investigates the predictive behavior of precursory seismic signals by
simulating earthquake sequences with prescribed seismic velocity changes as precursors,
under different homogeneous and heterogeneous stress conditions. We find that such pre-
cursory velocity changes can affect how fast and how early the earthquakes nucleate, with
earlier onset of precursors leading to earlier earthquake nucleation. The slow-slip events
seen in the earthquake cycle simulations with fault zones grow into dynamic earthquakes
in the presence of velocity precursors. Precursory velocity changes also amplify the shear
stress heterogeneities along the fault, which may result from fault damage zones or self-

similar background stresses.
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CHAPTER 1

Introduction

Earthquakes are among the deadliest and costliest natural hazards, cumulatively account-
ing for nearly 3% of human population affected in the past twenty years (Tschoegl et al.,
2006). Globally, these earthquakes are not completely random in space, but they preferen-
tially occur along major planes of weaknesses in the earth’s crust, i.e., along tectonic plate
boundaries and along fault systems. Despite having known this for several decades, we are
not any closer to understanding and forecasting future earthquake sequences. Earthquake
rupture forecast and ground motion prediction are limited to the most well instrumented
regions of the world (Field et al., 2014). We, however, do know that larger earthquakes
are less frequent than smaller ones. The magnitude-frequency of earthquakes usually fol-
low a power-law relationship, best described by the Gutenberg-Richter (G-R) distribution:
logN = a — bM. Here, N is the number of earthquakes having magnitude greater than
or equal to M, and a and b are constants. Most observations of global and regional seis-
micity agree with the G-R distribution (Rundle, 1989; Page and Felzer, 2015). However,
certain observations of magnitude-frequency distributions along more planar faults (e.g.,
the San Andreas Fault) have shown a “characteristic earthquake” distribution, wherein the
largest earthquake of a characteristic size recurs with an approximately regular interval.
The duration between two such characteristic earthquakes is generally quiescent except for
low-level seismic activity (Schwartz and Coppersmith, 1984; Wesnousky, 1994).
Mechanically, earthquakes are shear cracks propagating in the earth’s crust along some
interface of weakness, i.e., fault zones. Large strike-slip earthquakes tend to create a zone
of geometrically complex networks of fractures surrounding the main fault. This zone,
referred to as a fault damage zone, becomes highly localized as the fault matures, with an
off-fault width of few hundred meters. The fault damage zone also evolves through time as
more earthquakes generate damage in the vicinity of the slip surfaces. Observations of the
complete shear-crack system at seismogenic depths, including the surrounding network of
damage and the stress conditions are, however, limited. Additionally, modern seismic and

geodetic observations are limited to the past 50 years, and the infrequent occurrences of
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large earthquakes along such fault systems poses another significant limitation in studying
them. How the earthquakes start, propagate, and stop are among the most fundamental
questions in seismology. Furthermore, the influence of this evolving fault damage zone on
earthquake source physics remains elusive. Therefore, a self-consistent view of the long-
term fault zone evolution is imperative to understand the potential for future earthquakes.

One approach towards understanding earthquake physics is mechanics based numeri-
cal modeling of fault slip over long timescales. The driving force behind such models is
a constant-rate tectonic plate motion, whereas the shear resistance on the fault interface is
provided by a constitutive friction law. Numerous earlier studies focused on discrete mod-
eling of fault slip using single degree of freedom spring-block slider, wherein the spring
constant represents the elastic stiffness in the earth’s crust and the block attached to the
spring is moving across an interface, i.e., a fault (e.g., Burridge and Knopoff, 1967; Ben-
David et al., 2010). Despite such approximations, these models were able to reproduce the
chaotic behavior of fault slip, as well as the log-linear relationship between event sizes and
the frequency of their occurrence (Carlson and Langer, 1989; Shaw, 1995). Around the
same time, experimental rock deformation studies showed that the shear resistance along
an interface depends not only on the amount of deformation but also on the rate of deforma-
tion and some state variables describing the contact interface (Dieterich, 1979; Ruina, 1983;
Blanpied et al., 1991; Scholz, 1998). Rice (1993) developed a formulation for continuum
modeling of earthquake cycles, which approximated the inertial effects due to the dynamic
earthquake rupture using a damping term in the elastostatic formulation, known as quasidy-
namic model. Subsequently, numerous discrete (Olami et al., 1992) and continuum (Rice
and Ben-Zion, 1996; Lapusta and Rice, 2003a) models were used to study the long-term
fault slip history. Fully dynamic earthquake cycle models are at a relatively nascent stage
owing to the huge computational costs associated with them. The most successful ones
are able to model multiple earthquakes and interseismic deformation along fault interfaces
with complex nonlinear friction laws in two- and three- dimensions (Lapusta et al., 2000;
Jiang and Lapusta, 2016; Thomas et al., 2014), with the caveat of being unable to incor-
porate bulk heterogeneities. Fully dynamic models based on volume-discretization are few
in literature and typically limited to two-dimensions (Kaneko et al., 2011; Herrendorfer
et al., 2018), and consequently the effects of off-fault heterogeneities (e.g., fault damage
zones) have not been explored in great detail outside of single rupture events (Huang and
Ampuero, 2011; Huang et al., 2014a).

To address these issues, we develop fully dynamic earthquake cycle models based on
Kaneko et al. (2011)’s algorithm with improved computational efficiency and multithread

parellelization to simulate earthquake cycles on a two-dimensional, mode-III fault system



with an off-fault elastic damage zone. Chapters 2 and 3 address the effects of fault dam-
age zone structure on earthquake sequences along strike-slip faults. In Chapter 2, we model
earthquake sequences with full inertial effects on a two-dimensional vertical strike-slip fault
surrounded by a fault damage zone. This fully dynamic modeling approach can simulate
interseismic slip, earthquake nucleation, rupture propagation, and postseismic deformation
during multiple seismic cycles in a single computational framework. We investigate how
seismic wave reflections from fault damage zone influences the long-term stress evolution
and contribute to the variability in earthquake magnitudes and hypocenter locations. We
show that the variability in earthquake hypocenters is significant only in the cases where
the damage zone truncates close to the nucleation site or extends beyond the nucleation
zone, suggesting that frictional and rheological effects may be a dominant mechanism for
hypocenter variability when the damaged structure is very shallow. Our results also pro-
vide a possible explanation for the bimodal depth distribution of seismicity observed along
mature strike-slip faults with shallow fault damage zone structures. In chapter 3, we model
the fault zone structure evolution as changes in the shear-wave velocity of an elastic layer
surrounding a strike-slip fault. We show that an immature fault zone tends to produce more
slow-slip events and irregular earthquake sequences with predominantly subsurface events.
In contrast, a more mature fault damage zone tends to produce a more regular sequence of
earthquakes with a combination of surface-reaching and subsurface events.

Another key question in earthquake physics is the short- and long-term predictability of
future earthquakes based on past and current observations. Earthquake recurrence models
(Shimazaki and Nakata, 1980) are generally used in regional seismic hazard assessment
and ground motion prediction. In more recent times, a variety of preseismic signals have
been observed in the form of b-value reduction, slow-slip events (Nanjo et al., 2012; Ito
et al., 2015), and seismic wave velocity changes (Scuderi et al., 2016). In chapter 4, we
investigate the effects of seismic velocity precursors on earthquake sequences by imposing
shear wave velocity changes in the fault damage zones. We discuss these effects in the
presence of both homogeneous and self-similar heterogeneous initial stresses. Our results
show that precursory velocity drop causes an earlier nucleation of earthquakes, therefore
causing a reduction in recurrence intervals over the seismic cycle.

The overall contribution of this work is to understand the long-term fault slip dynam-
ics of spatiotemporally complex fault zone structures. We demonstrate how such material
heterogeneities can cause periodic earthquake ruptures to become variable in space and
time, and introduce a spectrum of slow-slip events and variable creep. Our results high-
light the importance of short- and long-term monitoring of fault zone structures for better

assessment of regional seismic hazard.



CHAPTER 2

Effects of Low-Velocity Fault Damage Zones on
Long-Term Earthquake Behaviors on Mature
Strike-Slip Faults *

Abstract

Mature strike-slip faults are usually surrounded by a narrow zone of damaged rocks char-
acterized by low seismic wave velocities. Observations of earthquakes along such faults
indicate that seismicity is highly concentrated within this fault damage zone. However, the
long-term influence of the fault damage zone on complete earthquake cycles, i.e., years to
centuries, is not well understood. We simulate aseismic slip and dynamic earthquake rup-
ture on a vertical strike-slip fault surrounded by a fault damage zone for a thousand-year
timescale using fault zone material properties and geometries motivated by observations
along major strike-slip faults. The fault damage zone is approximated as an elastic layer
with lower shear wave velocity than the surrounding rock. We find that dynamic wave re-
flections, whose characteristics are strongly dependent on the width and the rigidity contrast
of the fault damage zone, have a prominent effect on the stressing history of the fault. The
presence of elastic damage can partially explain the variability in the earthquake sizes and
hypocenter locations along a single fault, which vary with fault damage zone depth, width
and rigidity contrast from the host rock. The depth extent of the fault damage zone has
a pronounced effect on the earthquake hypocenter locations, and shallower fault damage
zones favor shallower hypocenters with a bimodal distribution of seismicity along depth.
Our findings also suggest significant effects on the hypocenter distribution when the fault

damage zone penetrates to the nucleation sites of earthquakes, likely being influenced by

*Chapter 2 is published in Journal of Geophysical Research: Solid Earth: Thakur, Prithvi, Yihe Huang,
and Yoshihiro Kaneko. “Effects of low-velocity fault damage zones on long-term earthquake behaviors on
mature strike-slip faults.” Journal of Geophysical Research: Solid Earth 125.8 (2020): e2020JB019587.



both lithological (material) and rheological (frictional) boundaries.

2.1 Introduction

Natural faults are often approximated as a single plane of intense deformation, macroscop-
ically seen as a principal slip surface. However, geological (e.g., Chester and Logan,
1986; Chester et al., 1993; Lockner et al., 2011), geophysical (e.g., Li and Leary, 1990;
Unsworth et al., 1997; Lewis and Ben-Zion, 2010), and geodetic (e.g., Fialko et al.,2002)
observations delineate faults as a geometrically complex network of multiple slip surfaces
and fractures, with a nested hierarchy of increasing deformation towards the principal slip
surface (Fig. 2.1). These damaged rocks exhibit a dense network of fractures which can be
macroscopically approximated as an elastic zone with reduced shear modulus and seismic
velocities (Chester et al., 1993; Harris and Day, 1997). Elastic deformation models have
explored the effect of fault damage zones in two-dimensions on coseismic slip (Barbot
et al., 2008), three-dimensional crustal deformation (Barbot et al., 2009), and on patterns
of interseismic strain accumulation (Lindsey et al., 2014). The damage zones may exhibit
sharp contrast in seismic velocities with respect to the host rock, being capable of trapping
seismic waves within the fault zone. The fault damage zone can potentially promote com-
plex stress distribution along faults due to its pronounced dynamic effect on earthquake
rupture nucleation and propagation (e.g., Harris and Day, 1997; Huang and Ampuero,
2011; Huang et al., 2014b; Ma and Elbanna, 2015a; Albertini and Kammer, 2017; Weng
etal.,2016; Huang,2018). We aim to understand the effects of low-velocity damage zones
on dynamic rupture propagation and sequence of earthquakes, which include interseismic
slip, earthquake nucleation, rupture propagation, and postseismic slip, and study its influ-
ence on the variability in earthquake sizes, recurrence intervals and stressing history of the
fault.

Previous numerical models in homogeneous medium (Rundle and Jackson, 1977; Run-
dle, 1989) and experiments (Mogi, 1962; Scholz, 1968) showed that both mechanical prop-
erties of fault rocks and fault stresses can greatly contribute to the variability in earthquake
magnitudes and the power-law behavior of the magnitude-frequency distribution. Dynamic
models of multiple spring-block sliders (Carlson and Langer, 1989; Shaw, 1995) and dis-
crete models of fault slip (Olami et al., 1992) have been successful in reproducing the
Gutenberg-Richter distribution and non-uniform recurrence times. Quasi-dynamic contin-
uum models in homogeneous medium have previously used extreme frictional parameters
to reproduce observed complexity of earthquakes (Cochard and Madariaga, 1996; Hillers
et al., 2006). Recently, Barbot (2019a); Cattania (2019) have shown that many complexi-



ties of fault dynamics, including Gutenberg-Richter distribution of earthquake sizes, can be
modeled under quasi-dynamic approximation if the ratio of the fault dimension to the earth-
quake nucleation dimension is large enough. These models do not assume any structural
or material heterogeneities, thus implying that such complexities are a sole manifestation
of fault friction. Erickson and Dunham (2014) incorporated a heterogeneous medium in
quasi-dynamic earthquake cycle simulations in the form of a sedimentary basin and showed
the emergence of sub-surface events in addition to surface breaking events. Abdelmeguid
et al. (2019) have shown the generation of subsurface events and multi-period sequences in
a low-velocity layered fault damage zone under the quasi-dynamic approximation. 7homas
et al. (2014) showed that incorporating inertia in earthquake cycle simulations, i.e., fully
dynamic simulations, can exhibit significant differences from the quasi-dynamic approxi-
mation, especially under enhanced dynamic weakening frictional behavior. Here we con-
sider fully dynamic models with fault damage zone surrounding mature strike-slip faults.
Using fully dynamic earthquake cycle simulations, Kaneko et al. (2011) showed that a fault-
parallel, narrow damage zone causes a reduction in the nucleation size of the earthquakes
and amplification of slip rates during dynamic earthquake events. Despite a multitude of
studies documenting the effects of fault damage zones on single rupture (Harris and Day,
1997; Huang and Ampuero, 2011; Huang et al., 2014b), their long-term effects on earth-
quake sequences are not well understood, partially owing to a lack of seismological records
over centuries.

We model earthquake sequences with full inertial effects on a two-dimensional verti-
cal strike-slip fault surrounded by a fault damage zone. The constitutive response of the
fault is governed by laboratory derived rate-and-state friction laws (Dieterich, 1979; Ruina,
1983). This fully dynamic modeling approach can simulate interseismic slip, earthquake
nucleation, rupture propagation and postseismic deformation during multiple seismic cy-
cles in a single computational framework (e.g., Lapusta et al., 2000; Kaneko et al., 2011;
Barbot et al., 2012; Jiang and Lapusta, 2016). The fault damage zone is modeled as an
elastic layer with a lower seismic wave velocities compared to the surrounding host rock.
Other important features of fault damage zones such as off-fault damage generation during
the rupture (Okubo et al., 2019; Ma and Elbanna, 2015b) and plastic deformation (Huang
et al., 2014b) have been modeled previously for single earthquake ruptures. We investigate
how the wave reflections from fault damage zone modeled as a low-velocity layer influ-
ences the long-term stress evolution and contribute to the variability in earthquake magni-
tudes and hypocenter locations. We show that the variability in earthquake hypocenter is
significant only in the cases where the damage zone truncates close to the nucleation site or

extends beyond the nucleation zone, suggesting that frictional and rheological effects may



be a dominant mechanism for hypocenter variability when the damaged structure is very
shallow. Our results also provide a possible explanation for the bimodal depth distribu-
tion of seismicity observed along mature strike-slip faults with shallow fault damage zone
structures. We describe the observed geometry and material properties of the fault dam-
age zone along the San Andreas Fault that inspire the design of our simulations in section
2.2. The two-dimensional model setup, model assumptions, friction laws, and simulation
methodology are presented in section 2.3. We demonstrate the effects of the fault damage
zone with varying widths and rigidity contrasts on the variability of earthquake magnitudes

and hypocenters in section 2.4.

2.2 Observed Dimension and Material Properties of Fault

Damage Zones

Fault damage zones can be delineated using potential field methods and seismic observa-
tions based on trapped waves within the damaged zone. Seismic reflections, magnetotel-
luric and resistivity surveys along the Parkfield segment of San Andreas Fault reveal a
500m wide and 4 km deep fault damage zone (Unsworth et al., 1997). This study also
suggests a presence of a deeper fault zone whose properties are not well resolved, and a
shallow 5 km wider damage zone surrounding the ~500 m wide damage zone, represent-
ing a flower structure. Other studies along San Jacinto Fault Zone and San Andreas Fault
Zone (e.g., Li and Vernon, 2001; Wu et al., 2010) also indicate that the low-velocity zone
may extend to seismogenic depths. Cochran et al. (2009) have combined seismology and
geodesy to infer a wide and deep damage zone along Calico fault in southern California.
Fault zone trapped wave studies along the Parkfield segment Lewis and Ben-Zion (2010)
indicate a 3 km to 5 km deep, 150 m to 300 m wide fault damage zone, with a potentially
nested fault zone extending up to 7km to 10 km. Geologic interpretations on the same
region from the SAFOD cores Lockner et al. (2011) delineate a ~200 m wide fault damage
zone at 2.7 km depth. A detailed 3-D seismic wave velocity map Thurber et al. (2003a)
also reveals a several hundred meters wide fault zone structure at about 5 km to 8 km depth.
The shear wave velocity contrast between the host rock and the fault damage zone is found
to be around 10 % to 60 % (table 1 in Huang et al. (2014b) and references therein). Most
of these studies report variations in fault damage zone structure along fault strike. We sum-
marize the observed damage zone geometry along the Parkfield segment in Table 2.1. Fault
damage zones have been observed in other regions as well, including the North Anatolian

fault in Turkey, the Nojima fault in Japan, and the Kunlun fault in Tibetian plateau (Ben-



Zion et al., 2003; Lockner et al., 2000; Bhat et al., 2007). Based on this short review, it
is clear that the fault damage zone width spans several hundred meters, whereas the depth
extent is more debatable since the narrow damage zone is more difficult to resolve at depth.

We use these observations to guide our model setup as described in the following section.

2.3 Methodology

2.3.1 Model Description

We consider a two-dimensional strike-slip fault embedded in an elastic medium with mode
III rupture (Fig. 2.2). This implies that the fault motion is out of the plane and only
the depth variations of parameters are considered. The top boundary is stress-free and
represents Earth’s free surface. The other three boundaries are absorbing boundaries that
allow the waves to pass through. Since our model is symmetric across fault, we restrict
the computational domain to only one side of the fault. Our domain extends to 48 km
depth, where the top 24 km of the fault is bordered at the bottom by a region constantly
slipping at 35 mm yr~!. This represents the tectonic plate motion that loads the fault and
accumulates stresses. The seismogenic zone extends from 2 km to 15 km, which is locked
during the interseismic period and capable of hosting earthquakes. The rest of the fault
creeps aseismically. Earthquakes are captured in our simulations when the maximum slip
velocity on the fault exceeds the threshold of 0.001 ms™!. This model is inspired by the
San Andreas fault, and is similar in setup to Lapusta et al. (2000) and Kaneko et al. (2011).

We model the fault damage zone as an elastic layer with lower seismic wave velocities
compared to the host rock. We will focus on how the geometry, spatial extent, and damage
intensity of this fault damage zone influence the earthquake sequence behavior. We con-
sider four different scenarios: (I) a homogeneous elastic medium as a reference model,
(I1, IIT) a medium with a sharp, narrow fault damage zone with various depths, widths and
velocity contrasts that extends throughout the seismogenic depth in model II and truncates
at a shallow depth in model III, and (IV) a flower structure in which a narrow fault damage
zone extending through the domain surrounded by a wider, trapezium-shaped fault damage
zone truncated at a shallow depth (Fig. 2.2). In natural settings, the outer trapezium-shaped
fault damage zone may not have a sharp boundary at depth but may show a smooth tran-
sition because its structure is more diffused than the inner fault damage zone. We use a
sharp boundary at a depth of 8 km as an approximation of the flower structure in order to
highlight the effects of dynamic wave reflections. These four sets of models are described

in Fig. 2.2. We vary the width (/) and shear wave velocity (c,) contrast of the fault damage



zone in the Model (II) and the depth (D) in model III to study their effects on earthquake
sizes and hypocenters (Fig. 2.2a). The choices of ‘H’ and ‘c,’ are shown in Fig. 2.3. We
choose four different values of ‘D’ including two depths (6 km and 8 km) shallower than
the nucleation site in the homogeneous medium, one depth intersecting the nucleation zone
(10 km) and one depth extending beyond the nucleation zone (12 km). In the Model (IV),
the outer, wider fault damage zone has a shear wave velocity reduction of 20 % compared
to the host rock, while the inner one has a 40 % reduction. The second and third models are
inspired by the geological and geophysical observations of the San Andreas fault zone as
discussed in section 2.2, and the fourth model is inspired by the classic flower structure of
fault damage zones (Sibson, 1977; Unsworth et al., 1997; Caine et al., 1996; Pelties et al.,
2015; Perrin et al., 2016).

2.3.2 Friction Laws

The laboratory-derived rate- and state-dependent friction laws relate the shear strength on
the fault to the fault slip rate (Dieterich, 1979; Ruina, 1983; Scholz, 1998). We use the
regularized form for the shear strength interpreted as a thermally activated creep model
(Rice and Ben-Zion, 1996; Lapusta et al., 2000), which relates the shear strength (7') to the

slip rate (5) as follows:
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where & is the effective normal stress (the difference between lithostatic stress and the
pore fluid pressure), f, is a reference friction coefficient corresponding to a reference slip
rate 8,, and @ and b are empirical constants dependent on the mechanical and thermal prop-
erties of the contact surface. The parameter 6 is a state variable interpreted as the average
lifetime of the contact asperity, and L. is the characteristic distance over which most of the
evolution in shear resistance occurs, as measured in the laboratory during velocity steps.
Barbot (2019b) has also shown that the state variable 6 is the age of contact strengthening.

In our models, the evolution of the state variable is governed by the aging law :

do 30
—=1-— 2.2
dt L. 2:2)
The frictional stability of faults is determined by the frictional parameters, L., (a — b),

and the ratio 3. Depending on the value of (a — b), we can have an unstable slip for a

steady state velocity weakening frictional regime (a — b) < 0, or a stable sliding for a



steady state velocity strengthening frictional regime (a — b) > 0. Earthquakes occur when
the velocity-weakening region of the fault exceeds a critical nucleation size that depends on
the shear moduli of near-fault rocks, effective normal stress and frictional parameters (Rice,
1993; Rubin and Ampuero, 2005). More generally, the fault dynamics is controlled by Rz,
the ratio of the velocity-weakening patch size to the nucleation size, and the ratio Z’TT“ that
controls the relative importance of strengthening and weakening effects and the ratio of
static to dynamic stress drops. For higher values of R,,, we can obtain more chaotic rupture
styles such as partial and full ruptures, aftershock sequence, and a wide range of events.
For our simulations, the theoretical nucleation size is ~ 2km, and the width of velocity
weakening region is ~ 10 km, implying the value of R, ~ 5, which predicts single-period
full ruptures (Barbot, 2019a).

We use a depth dependent profile for (a — b) as inferred from granite samples in lab-
oratory experiments (Blanpied et al., 1991, 1995). The seismogenic zone is the velocity
weakening region extending from a depth of 2 km to 15 km. The rest of the fault is velocity
strengthening and accommodates aseismic creep. The velocity strengthening region at the
top 2 km of the fault is suggested by laboratory observations under low stresses (Blanpied
et al., 1991). The effective normal stress is assumed constant below the depth of 2 km,
since the increase in the lithostatic stress is accommodated by the pore fluid pressure at
depth (Rice, 1993). The seismogenic zone is overstressed initially (Fig. 2.2b). Blanpied
et al. (1991) also shows the temperature weakening behavior of the friction for higher tem-
peratures, but we only use the velocity dependence of the friction in this study. Barbot
(2019b) derived an alternative formulation that incorporates thermal dependence of fault
strength and and provides an explicit relationship between frictional parameters and mi-
cromechanical properties. We have chosen a relatively standard model of the regularized
rate- and state-dependent friction described by Rice and Ben-Zion (1996); Lapusta et al.

(2000) so that it is easier to compare the results with previous studies.

2.3.3 Numerical Simulation of Fully Dynamic Earthquake Sequences

We use a spectral element method to simulate dynamic ruptures and aseismic creep on
the fault (Kaneko et al., 2011). Full inertial effects are considered during earthquake rup-
ture and an adaptive time stepping technique is used to switch from interseismic to seis-
mic events based on a threshold maximum slip velocity of 0.5 mms~! on the fault. This
method is able to capture all four phases of the earthquake cycle including nucleation, rup-
ture propagation, post seismic deformation, and interseismic creep. We implement Kaneko

et al. (2011)’s algorithm in Julia (Bezanson et al., 2017) using a more efficient linear solver
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based on the Algebraic Multigrid scheme (Ruge and Stiiben, 1987) for the elliptic (interseis-
mic) part of the earthquake sequence. We use the Algebraic Multigrid as a preconditioner
while solving the sparse linear system using the conjugate gradient method. This combines
the superior convergence properties of the Algebraic Multigrid with the stability of Krylov
methods and is very well suited for symmetric, positive definite matrices. This iterative
technique uses a fixed number of iterations independent of the mesh size. Landry and Bar-
bot (2016, 2019) have derived the equations to solve elliptic equations using the Geometric
Multigrid in 2D and 3D. While the Geometric Multigrid has superior convergence proper-
ties, the Algebraic Multigrid is better suited for more complicated meshes and is scalable to
a wide variety of problems as the solver works with the numerical coefficients of the linear
system as opposed to the mesh structure. The detailed algorithm is described in Tatebe
(1993). In addition, we use the built-in multithreading feature of Julia, which enables us to
achieve a CPU speed-up of ~ 50 times compared to the original code described in Kaneko
etal. (2011).

2.3.4 Theoretical Nucleation Estimates and Choice of L.

In a two-dimensional continuum model, the theoretical estimate of earthquake nucleation

for a mode III crack based on energy balance is given by Rubin and Ampuero (2005):
(2.3)

where a,b, and L. are the rate and state friction parameters, u is the shear modulus of the
near source region and & is the effective normal stress. We note that the above estimate
of nucleation size is not a unique estimate but is appropriate for our choice of friction
parameters (Rubin and Ampuero, 2005; Kaneko and Lapusta, 2008). Using L. = 8 mm
leads to a nucleation size of 3.9 km in a homogeneous medium. As the nucleation size is
proportional to the rigidity of the near-source medium (Rubin and Ampuero, 2005; Kaneko
et al., 2011), it is reduced by a factor of ~ 3 in a damaged medium with a shear wave
velocity reduction of 40% (Huang, 2018). The theoretical estimate of the nucleation size
in a layered medium (A, ) for a mode III rupture is derived by Kaneko et al. (2011) using

linear stability analysis:

hi,, tanh [2]—]% + arctanh (%)] = hyom (2.4)

lay
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where 1 and pp are the rigidity of the host rock and the layer respectively, v (= 7/4) is
an empirical parameter dependent on the geometry, h; . is the theoretical nucleation size
in the homogeneous medium with reduced shear modulus, and H is the thickness of the
layered medium. The parameter choice of width and shear wave velocity contrast and their
corresponding nucleation sizes are shown in Fig. 2.3. A smaller nucleation size would
allow smaller earthquakes to nucleate successfully, therefore incorporating a wider range
of magnitudes. We use 5 Gauss-Lobatto-Legendre nodes inside each spectral element, such
that the average node spacing is 20 m. For a well resolved simulation, the cohesive zone
size (Day et al., 2005; Kaneko et al., 2008) should contain at least 3 node points. Based
on the frictional parameters and rigidity of fault damage zone, the quasi-static cohesive
zone size in our models is ~120 m and encompasses sufficient nodes. We demonstrate the

convergence of our model with respect to different node spacing in section 2.6.

2.4 Results

2.4.1 Complexity in Fault Slip Due to Damage Zone

We discuss the slip-complexity due to reduction in nucleation size in a homogeneous
medium and subsequently due to a fault damage zone as a layered medium. The theo-
retical nucleation size of a mode III rupture is directly proportional to the rigidity of the
medium. Since smaller nucleation sizes also tend to give rise to complexities in earthquake
cycles (Lapusta and Rice, 2003b), it is imperative to isolate the effects of reduced nucle-
ation size from the effects of dynamic wave reflections and stress heterogeneities due to
fault damage zones. In this section, we analyze three simulations, all having comparable
nucleation sizes: (a) A homogeneous-medium simulation with a reduced characteristic slip
distance (Fig. 2.4a), (b) A homogeneous-medium simulation with a reduced shear modu-
lus, i.e., the entire medium is damaged (Fig. 2.4b), (c) A simulation with a fault damage
zone modeled as a narrow low-velocity layer (Fig. 2.4 c,d,e). The simulation parameters
for each of these models are discussed in Table 2.2. We see that Fig. 2.4a and Fig. 2.4b
host earthquakes with uniform sizes and hypocenter locations. We also observe an increase
in recurrence intervals and accumulated slip in Fig. 2.4b compared to Fig. 2.4a, which can
be attributed to a reduced shear modulus in the medium. Despite these differences, we do
not observe complexities such as variations in hypocenter locations or earthquake sizes. In
contrast, Fig. 2.4c-e shows significant variability in both earthquake size and hypocenter
location, which is attributed to dynamic wave reflections. The damaged medium also has

a much larger coseismic slip when compared to an undamaged medium. Fig. 2.4f shows
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the comparison of slip rate and shear stress evolution at 7km for the three representative
models (Fig. 2.4a-c), demonstrating the effect of dynamic wave reflections on stress het-
erogeneities. We see a clear reflection phase from the free surface in all the models, but the
slip-rate and the shear stress is much more heterogeneous in our fault damage zone model.
The dynamic wave reflections generate peaks in the shear stress profile that persist through
multiple earthquake sequences. It is clear from this comparison that inertial dynamics play
an important role in the earthquake sequences, especially in layered medium such as our
fault damage zone models.

Our results show that the presence of the fault damage zone promotes complexity in the
earthquake slip distribution and variability in their magnitudes, especially for large rigidity
contrast between the fault damage zone and the host rock. Given the friction parameters
and initial stress conditions in our simulations (Table 2.2), the homogeneous medium hosts
periodic earthquakes with exactly the same hypocenter locations and magnitudes, whereas
the fault surrounded by a fault damage zone shows a more complex slip distribution with
variable earthquake sizes and hypocenter locations through multiple earthquake cycles (Fig.
2.4 c-e). We use comparable nucleation sizes for the homogeneous medium and damaged
models to highlight the effects of dynamic waves. We also observe ruptures with multiple
slip pulses and more complex slip distribution in the flower structure scenario (Fig. 2.4e,
Fig. 2.5b).

Previous dynamic rupture simulations show that fault zone wave reflections can in-
duce pulse-like ruptures (Harris and Day, 1997; Huang and Ampuero, 2011; Huang et al.,
2014b). We observe the imprint of these wave reflections in the spatiotemporal slip rate
evolution of fault damage zone simulations (Fig. 2.5). These Slip pulses become a dom-
inant feature during earthquake rupture as the waves are reflected from the damage zone
boundaries in our earthquake cycle simulations. Similar pulse-like ruptures are also ob-
served in homogeneous-medium earthquake cycle simulations for specific sets of hetero-
geneous friction parameters and fault asperity dimensions (Michel et al., 2017). Our results
suggest that stress heterogeneities generated by slip pulses due to seismic wave reflections
are primarily responsible for the complexities in accumulated slip and variation in hypocen-
ter distributions.

We compute the moment magnitudes of simulated earthquakes to investigate the rela-
tion between the magnitudes and cumulative number of earthquakes. The start and end of
a rupture is defined based on a threshold slip velocity of 0.001 ms~!. The seismic moment
is calculated as the product of the elastic shear modulus (u), the coseismic slip (D) inte-
grated along the depth, and the rupture area. The rupture length (L) is defined as the part
of the fault where slip is greater than 1% of the maximum coseismic slip during a certain
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earthquake. Since our simulation is two-dimensional, we assume the rupture width (I1) is

the same as the rupture length. The seismic moment (/) is defined as:

M, = u(LW)D = / dL / u(dL)D(L) (2.5)

The moment magnitude is computed using the relation of Kanamori (1975) : Mw =
2/3logyy M, — 10.7, where M, is the seismic moment measured in dyne cm.

In our simulations, the model with homogeneous medium hosts one large earthquake
every ~ 100 years. The recurrence intervals and magnitude of the earthquakes are also
fairly uniform throughout the seismic cycle. In the presence of the fault damage zone,
we observe more complex slip history with varying earthquake magnitudes and hypocen-
ter locations. To further understand the simulated earthquake catalog, we investigate the
number of earthquakes for each magnitude range (i.e., magnitude-frequency distribution).
We combine the magnitudes for all the fault zone simulations in order to emulate a natural
setting where there are multiple faults with varying fault damage zone properties and show
their cumulative magnitude frequency distribution in Fig. 2.6a. We observe a decrease
in the number of earthquakes as the magnitude increases from 3 to 4.5, after which the
number of earthquakes stagnates for intermediate magnitudes of 4.5 to 6. Finally we see
a sharp decrease in the number of earthquakes for the largest earthquakes. This combined
magnitude-frequency distribution is different from the Gutenberg-Richter distribution.

To understand the gap in the intermediate magnitude earthquakes, we examine the en-
velope of the coseismic slip distributions representing the rupture area for all the simulated
earthquakes (Fig. 2.6b). The rupture areas of smaller earthquakes are confined within the
depth range of 3km to 11 km (Fig. 2.6b). The rupture area and final slip for these subsur-
face events are ~ 10 times smaller than those of the surface-rupturing events. Therefore
there is two orders of gap in the moment magnitudes between the small and large events.
Since the effective normal stress and hence the fault strength is low at depths shallower
than 3 km, it is harder to stop dynamic ruptures once they reach this shallow depth. When
the rupture breaks through the free surface, the magnitude of the earthquakes tend to be
much larger, which may explain the lack of intermediate magnitude earthquakes. Another
potential reason is that there is no along-strike rupture termination in our 2D models. Gen-
erating a Guternberg-Richter type earthquake catalogue may require a reduction in earth-
quake nucleation size (Cattania, 2019), additional frictional or material heterogeneities, or

along-strike termination of spontaneous ruptures.

14



2.4.2 Variability in Earthquake Hypocenters

Earthquakes on crustal strike-slip faults tend to occur within the top 15km to 20 km of
the crust, known as the seismogenic zone. However, these earthquakes are not uniform
along depth, and are more correlated with the shallow crustal structure (Marone and Scholz,
1988). Mai et al. (2005) have performed Kolmogorov-Smirnov tests on a database of finite-
source inversions and showed that the uniformity of hypocenters along depth can be statis-
tically rejected, especially for strike-slip faults. Other studies (Marone and Scholz, 1988;
Hauksson and Meier, 2019) have shown that the depth distribution of earthquake hypocen-
ters may be more bimodal, with strong clustering of earthquakes at shallow (~5km) and
deeper (~15km) depths. A bimodal distribution for rupture sizes has also been observed
in thrust fault settings (Dal Zilio, 2020). Shallow seismicity is usually interpreted as short-
term strain transients or changes in the frictional and rheological properties of rocks along
depth. The abrupt decrease in deeper seismicity (< 15km) is attributed to the thermo-
mechanical behavior of rocks at these depths. We provide an alternate explanation for the
bimodal distribution of seismicity along strike-slip faults based on the geometrical extent
of fault damage zones, wherein the structural boundary of the fault damage zone produces
additional stress concentration that promotes earthquake nucleation near the boundary. Our
results also suggest that frictional and rheological effects may be a dominant mechanism
for hypocenter variability when the damaged structure is shallower than 8 km.

The depth distributions of earthquake hypocenters for various fault zone depths, widths
and velocity contrasts are shown in Fig. 2.7. In contrast to the homogeneous medium,
the hypocenter locations vary considerably for the fault zone simulations, and the depth
extent of the fault damage zone has a pronounced effect on the hypocenter location. As
demonstrated by Fig. 2.7a, the maximum variability in hypocenter locations is observed
when the fault damage zone extends to the earthquake nucleation sites. As the fault zone
becomes deeper, we see a systematic downward shift in the average hypocenter location,
which saturates for a very deep fault zone extending throughout the seismogenic zone. We
attribute this variability to the sharp material discontinuity between the fault damage zone
and the host rock where shear stress changes tend to be concentrated (Bonafede et al., 2002;
Rybicki and Yamashita, 2002), resulting a number of earthquakes nucleating near this in-
terface. For the same depth below the shallower fault zone, the deeper fault zone leads
to a smaller nucleation size due to the reduction in elastic shear modulus, thus allowing
earthquakes to nucleate at a deeper location as the fault is loaded from below. However,
when the damage zone is very shallow, in the order of ~6 km depth (Fig. 2.7a-1), most of
the earthquakes nucleate below the damage zone. This suggests that the interplay between

the earthquake nucleation site and damage zone boundary is an important factor influenc-
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ing earthquake hypocenter locations. Despite additional stress concentration at the fault
damage zone boundary, fault loading conditions and frictional boundary have a dominant
effect on earthquake hypocenters for very shallow fault zone. But as the fault damage zone
penetrates to the nucleation site, the fault zone effects become more critical in determining
the depth distribution of seismicity. In other words, the seismicity distribution is influenced
by both the material and frictional boundaries.

In fault damage zones extending throughout seismogenic depths, the increase of dam-
age zone width also leads to an increase in the average hypocenter depths (Fig. 2.7b). This
1s consistent with the idea that the nucleation size is reduced as the width increases, which
should lead to a downward shift in earthquake hypocenters when the fault loaded from
below. The hypocenter locations also tend to be deeper for a higher shear wave velocity
contrast, again due to a smaller nucleation size (Fig. 2.7¢).

Our simulations highlight the variable depth distribution of earthquake hypocenters on
strike-slip faults. In certain cases, a shallow fault damage zone exhibits more bimodal dis-
tribution of hypocenters (Fig. 2.7a-1ii), whereas deeper fault damage zones tend to exhibit
more unimodal distribution (Fig. 2.7b-i1). We also see a bimodal distribution when the
shear wave velocity contrast is very low (Fig. 2.7c-1v), which can be attributed to frictional
stress concentrations. We show the hypocenter distributions from two representative simu-
lations of a shallow and a deep fault damage zone against various observations (Fig. 2.8a),
wherein the shallower damage zone shows a more bimodal distribution as compared to a
deeper damage zone (Fig. 2.8b). It is pertinent to note that most of the observations of seis-
micity depth distribution is limited to small earthquakes, because we do not have enough
record of large earthquakes along single faults. Nevertheless, we are qualitatively able
to compare the simulated earthquake hypocenter locations with the observed hypocenter

locations.

2.4.3 Evolution of Peak Slip Rate and Fault Shear Stresses

We show the peak slip rate evolution for our simulations in Fig. 2.9. A homogeneous-
medium simulation shows large recurring earthquakes, whereas smaller events emerge in a
damaged medium, caused by the interplay between the fault damage zone boundary and the
nucleation along the fault. In addition, we observe multiple ‘slow events’ in the presence
of the fault damage zone that do not grow to fully dynamic earthquakes. The complexities
in the number of these ‘slow events’ are elevated for a shallow fault damage zone extend-
ing to the nucleation site (Fig. 2.9c). The flower structure shows a more complex peak

slip rate function (Fig. 2.9d) despite having fewer slow events because the inner damage
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zone extends deep within the seismogenic zone. These slow events in our models occur
at ~10km depth (Fig. 2.4 d,e), close to the nucleation site and also close to the damage
boundary in the case of shallower fault damage zone (Fig. 2.4d). They can be interpreted
as accelerations in the slip rate that cannot grow to fully dynamic earthquakes because the
stresses are not large enough to reach the dynamic regime, i.e., a failed nucleation (Noda
and Hori, 2014; Barbot, 2019a). We observe a combination of slow events and dynamic
ruptures in the velocity weakening regime. Our results imply that the geometry of the
damaged medium can cause additional source complexities that are similar to seismic ob-
servations. We infer that a mature fault zone is more likely to exhibit slow events compared
to immature fault zones in strike-slip tectonic settings.

In order to understand the mechanism underlying the variability of earthquake hypocen-
ter locations and the scale of stress heterogeneities, we show the temporal evolution of fault
shear stresses for different types of fault zones. Fig. 2.10 shows the shear stress evolution
for the largest earthquake in homogeneous medium, a deeper fault damage zone, a shallow
fault damage zone, and the 2D flower structure, respectively. Ruptures in the fault zone
undergo a transition from cracks to pulses predominantly after the waves are reflected from
the fault damage zone boundaries (Fig. 2.5a), while the homogeneous-medium simulations
maintain crack-like ruptures. We observe shear stress heterogeneities emerging during the
nucleation phase in the damage zone simulations (Fig. 2.10b), whereas they are absent in
homogeneous medium (Fig. 2.10a). The interference of multiple stress peaks very close
to the nucleation site are responsible for the variability in earthquake hypocenter locations
and sizes in the fault zone simulations. The emergence of smaller earthquakes (Mw ~ 3.0)
and the slow events are prominent when a fault damage zone extends to the nucleation site
of the earthquakes. Although earthquake rupture velocities are slower in the fault damage
zone, the stress peak amplitudes are larger than the homogeneous medium. Overall, the
two key effects of the fault damage zoned in fully dynamic earthquake sequences are: (a)
multiple stress peaks near the nucleation site, (b) small-scale stress heterogeneities due to

dynamic wave reflections.

2.5 Discussion and Conclusions

We present fully dynamic earthquake cycle models that incorporate near-fault material het-
erogeneities represented by a fault damage zone. We show that the fault zone waves can
lead to earthquakes with variable magnitudes and hypocenter locations. The depth dis-
tribution of earthquake hypocenters is strongly affected by the fault damage zone depth,

with shallower fault zones favoring shallower hypocenters. We also see a bimodal depth
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distribution of earthquake hypocenters in shallow damage zones and a more unimodal dis-
tribution in deeper damage zones. The variable nucleation locations originate from the
interaction between stress heterogeneity induced by dynamic fault zone waves and the rate
and state fault. In the shallow fault zone, the stress peaks are concentrated near the bottom
of the fault damage zone and directly correlated with the earthquake nucleation locations,
whereas the complex nucleation phase is absent in the homogeneous media.

Most existing studies that have discussed complexities in earthquake sequences with a
damaged zone use a radiation damping approximation in a quasi-dynamic framework to
accommodate the effects of inertia. A major shortcoming in the quasi-dynamic framework
is the absence of radiated waves. We have demonstrated that the reflected wave from a fault
damage zone can have strong effects on shear stress distribution, and these effects can lead
to complexities in the earthquake behavior such as the earthquake size and the hypocen-
ter location. 7homas et al. (2014) have shown a detailed comparison of quasi-dynamic
vs fully-dynamic earthquake cycle simulations and they demonstrate significant quantita-
tive and some qualitative differences between the two. In particular, the radiation damping
approximation tends to show crack-like behavior whereas pulse-like behavior is easily ob-
tained in fully dynamic simulations. The addition of enhanced dynamic weakening leads to
significant changes in the earthquake behavior simulated using fully dynamic simulations.
The effects of full inertial dynamics have not been explored on the entire parameter space
consisting of different ratios of the velocity-weakening size to the nucleation size due to
the huge computation cost associated with simulating these fully dynamic earthquake se-
quences. Even in homogeneous-medium simulations without a fault damage zone, it is not
clear if models accounting for full inertial dynamics would lead to the same conclusion
as Barbot (2019a) and Cattania (2019). Nevertheless, previous studies such as Thomas
et al. (2014) and our current work suggest that major changes are expected, and the quasi-
dynamic approximation should be used with caution. In particular, we have demonstrated
that for the same nucleation size, the dynamic wave reflections lead to pulses-like behavior
and therefore additional complexity in the earthquake sequences.

Previous static and quasi-dynamic simulations have shown that perturbations in shear
and normal stress can give rise to complex seismicity (Ben-Zion, 2001; Perfettini et al.,
2003). Furthermore, observations and numerical experiments suggest that the tectonic
stresses on real faults are spatially heterogeneous (Townend and Zoback, 2000; Rivera and
Kanamori, 2002), implying that the stress amplitudes are not smooth but oscillatory over
space. The emergence of persistent slip pulses after initial few seconds of rupture propa-
gation contribute to stress heterogeneity in our simulations. Another key observation is the

emergence of smaller, slower events in the damaged medium that do not grow to dynamic
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earthquakes. These slow events are more prominent in the shallow fault zones where the
depth of the fault damage zone intersects the nucleation zone but does not extend deeper
to the seismogenic zone. This suggests that the material heterogeneities strongly influence
the nucleation phase in addition to generating dynamic reflected waves.

We find that the shape and properties of damage zone can affect the stress distribu-
tion and significantly contribute to complex seismicity even without smaller-scale frictional
heterogeneities along fault. Earthquake magnitudes show significant variability when com-
pared to a homogeneous medium, but the log-linearity of the magnitude-frequency dis-
tribution is difficult to infer due to the limited number of earthquakes generated in the
simulations. Observations in regional and global earthquake catalogues generally show a
log-linear decay of magnitude with increasing number of earthquakes, in agreement with
the Gutenberg-Richter distribution. However, large earthquakes along individual faults or
fault sections deviate from this behavior, showing a relatively elevated number of ‘charac-
teristic earthquakes’ (Schwartz and Coppersmith, 1984; Wesnousky, 1994; Parsons et al.,
2018) that follow a gaussian distribution in addition to smaller earthquakes adhering to the
Gutenberg-Richter distribution. This characteristic distribution is used as a basis for rupture
forecast models, (e.g., Field et al., 2017). We have combined the earthquakes from mul-
tiple simulations to emulate a regional catalogue where we may have multiple faults with
different fault zone characteristics, but we ignore the interactions between these faults. In
order to reproduce a Gutenberg-Richter distribution, more complexities in the model are
required. One way to reproduce the log-linearity of the Gutenberg-Richter distribution
would be to reduce the nucleation size in relation to the width of the velocity-weakening
region. The question still remains whether frictional heterogeneities only, or additional
material heterogeneities in combination with frictional heterogeneities and stress hetero-
geneities emulate the Gutenberg-Richter behavior in nature. The current model is an ide-
alized approximation of the material effects of fault damage zones with small fractures.
More realistic approximations would include the incorporation of viscoelastic and plas-
ticity effects (Allison and Dunham, 2018; Erickson et al., 2017), variable pore pressure
effects with depth, and time-dependent frictional parameters and initial stresses. Despite
these approximations, our models provide a physical description of the effects of material
heterogeneities on the long-term behavior of strike-slip faults.

Our future work will be directed towards understanding the effect of fault damage zone
evolution through multiple seismic cycles. Paleoseismic studies of large strike-slip earth-
quakes, limited to the past 1000-1200 years, suggest that the recurrence of large events is
non-uniform, possibly even chaotic, with large gap in seismic activity followed by multiple
seismic episodes (Grant and Sieh, 1992; Seitz et al., 1997; Fumal et al., 2002; Toké et al.,
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2006). A time-dependent stressing history, possibly driven by the evolution of the fault
damage zone through multiple seismic episodes and aseismic creep, may better explain the
observed non-uniform recurrence intervals along mature faults. Previous experiments and
observations (Peng and Ben-Zion, 2006a; Stanchits et al., 2006) have shown that the dam-
age can be enhanced during seismic episodes and be healed during interseismic periods.
The amount and localization of damage depends on the earthquake sizes, the interseismic
duration for which the fault is allowed to heal, and recurrence intervals of large earthquakes
(Vidale and Li, 2003a; Yang, 2015). Incorporating the evolution of fault damage zone would
provide more realistic outlook on long-term structural evolution and source characteristics

of mature strike-slip faults.

2.6 Numerical Convergence in the Simulations

We perform numerical convergence tests for the simulations with a narrow fault damage
zone extending throughout the model domain. The half-width of the fault damage zone is
150 m, and the shear wave velocity reduction is 40%. We use an average node-spacing of
10m, 20 m and 40 m. The comparison between the peak slip rate and the differential slip
for a large earthquake is shown in Fig. 2.11. The comparison of peak slip rate for simula-
tions with different node spacings demonstrates that the onset of earthquakes are the same
for the different node spacings. Furthermore, Fig. 2.11b shows that the differential slip for
different node spacings are the same, implying that the earthquake size is independent of
mesh size. The shape of the differential slip shown in the inset zoom figure (Fig. 2.11b)
suggests all the features are not preserved for an average node spacing of 40 m, but they are
preserved for all the other node spacings. We also show the slip rate as a function of time
for the first and the fifth rupture to illustrate the comparable timing of the dynamic rupture
in Fig. 2.12(a-b). This figure demonstrates that while the timing of dynamic rupture is
comparable for all the node spacings, the node spacing of 40 m shows numerical oscilla-
tions whereas the 20 m and 10 m node spacings are adequately resolved. Fig. 2.12(c-d)
shows the stress drops for the first and the fifth event along depth, and it is well resolved for
all the node spacings. Based on this convergence study, we have chosen an average node

spacing of 20 m for our study.
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2.7 Figures - Chapter 2

(a) Fault Damage Zones in California (b) Fault Zone Schematic
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Figure 2.1: (a) Map of California faults with documented fault damage zones. (b) A
schematic of mature fault zone structure that includes a fault core shown as the central
dark-brown zone surrounded by an inner narrow zone of damage extending through the
seismogenic zone, and an outer partially-damaged zone resembling a flower structure. Our
models represent a two-dimensional vertical cross section across the fault.
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Figure 2.2: (a) Model description of four different scenarios. We consider a vertical strike-
slip fault 24 km deep loaded from below by a plate motion rate of 35mm yr—'. Model
I: Homogeneous medium used as a reference model. Model II: A narrow fault damage
zone extending throughout the seismogenic zone. Model III: A narrow fault damage zone
truncating at a shallower depth, and Model IV: Two-dimensional approximation of flower
structure damage. (b) Friction parameters (a —b) and initial stresses along the fault dip. The
seismogenic zone, i.e., the velocity weakening region, is the overstressed patch between 2

and 15 km depth.
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Figure 2.3: Variation of theoretical nucleation sizes in a layered medium. The left figure
shows the variation due to fault damage zone widths, and the right figure shows the varia-

tion due to shear wave velocity. The orange dots show the theoretical nucleation sizes for
the parameters chosen in our simulations.
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(a) Model la: Homogeneous Medium (b) Model Ib: Entire medium is damaged
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Figure 2.4: Cumulative slip contours with hypocenters shown as red stars. Multiple
hypocenters close to each other represent smaller (Mw ~3) and larger (Mw ~7) earth-
quakes. The orange lines are plotted every 0.1 s during an earthquake and the blue lines are
plotted every 2 yr during the interseismic period. The different models include (a) Homo-
geneous medium with smaller L. = 4 mm, (b) Homogeneous medium with reduced shear
modulus p = 10 GPa such that the entire medium is damaged, (c) A narrow fault damage
zone extending throughout the fault, (d) A narrow fault zone truncated at shallow depth,

(e) 2D flower structure. (f) Comparison of slip-rate and shear stress for a single rupture of
three models shown in Fig. 4a,b,c.
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Figure 2.5: Spatiotemporal slip rate evolution demonstrating dynamic wave reflections for
(a) fault damage zone extending throughout the domain, and (b) trapezoid shaped nested
fault damage zone. (c) and (d) show the slip rate at a depth of 7 km for (a) and (b) respec-
tively as compared to a homogeneous medium. The ruptures begin as crack but transition
to pulses due to the wave reflections.
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(a). Depth variation of fault damaged zones (Shear wave velocity = 60% of host rock)
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Figure 2.7: Earthquake hypocenter distribution for simulations with varying (a) fault dam-
age zone depths, (b) widths, and (c) shear wave velocity contrasts. The shaded region
shows the depth extent of damage zone and the intensity of shading shows the shear wave
velocity contrast. All the models are shown to a depth of 16 km, which is the transition
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(a) Model I: Homogeneous Medium (b) Model II: Damage zone throughout the domain
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Figure 2.9: Peak slip rate function for (a) homogeneous medium, (b) deep fault damage
zone, (c) shallow fault damage zone, (d) two-dimensional flower structure.
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zone, (d) two-dimensional flower structure.
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Table 2.1: Geometry of fault damage zone along Parkfield segment of San Andreas
Fault as constrained by different studies.

References Geometry Width Inference Depth Inference
Resistivity and MT Wide at the top, 500 m: inner damage, 4 km, with a deeper
Unsworth et al. (1997) narrow at depth 5km: outer damage damage zone

less resolved

Trapped seismic waves Tabular low-velocity 150 m to 300 m 5km to 7km
Lewis and Ben-Zion (2010) zone

Seismic wave velocities Wide at the top 500m to 600 m 8km
Thurber et al. (2003a) and at seismogenic depth,

narrow in between

Geology: SAFOD Tabular 200m 2km
Lockner et al. (2011)
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Table 2.2: Parameters used in numerical simulations of earthquake cycles. The parameters
shown at the beginning are the same for all the simulations and other parameters are shown
for each model that we use. The normal and shear stresses represent the values for the
velocity-weakening region.

Parameter Symbol  Value

Static friction coefficient Lo 0.6
Reference velocity o 1x10%ms~!
Plate loading rate Vil 35mmyr—!
Evolution effect b 0.019
Effective normal stress o 50 MPa
Initial shear stress To 30 MPa
Steady-state velocity dependence

in the seismogenic region (b—a) —0.004
Width of seismogenic zone w 10 km
Average node spacing dx 20m
Seismic slip-rate threshold Vin lmms~!

Model Ia: Undamaged medium

Characteristic weakening distance L. 4mm
Shear modulus " 32 GPa

Model Ib: Entire medium is damaged

Characteristic weakening distance L, 8 mm
Shear modulus I 16 GPa

Model II & III: Layered medium

Characteristic weakening distance L, 8 mm
Shear modulus of host rock o 32 GPa
Shear modulus of damaged rock 1155} 10 GPa

Model 1V: 2-D flower structure

Characteristic weakening distance L, 8 mm

Shear modulus of host rock I 32 GPa
Shear modulus of inner damage zone  pp; 18 GPa
Shear modulus of outer damage zone  fip, 10 GPa

34



CHAPTER 3

Influence of Fault Zone Maturity on Fully
Dynamic Earthquake Cycles *

Abstract

We study the mechanical response of two-dimensional vertical strike-slip fault to coseis-
mic damage evolution and interseismic healing of fault damage zones by simulating fully
dynamic earthquake cycles. Our models show that fault zone structure evolution during the
seismic cycle can have pronounced effects on mechanical behavior of locked and creeping
fault segments. Immature fault damage zone models exhibit small and moderate subsurface
earthquakes with irregular recurrence intervals and abundance of slow-slip events during
the interseismic period. In contrast, mature fault damage zone models host pulse-like earth-
quake ruptures that can propagate to the surface and extend throughout the seismogenic
zone, resulting in large stress drop, characteristic rupture extents, and regular recurrence
intervals. Our results suggest that interseismic healing and coseismic damage accumula-
tion in fault zones can explain the observed differences of earthquake behaviors between
mature and immature fault zones and indicate a link between regional seismic hazard and

fault structural maturity.

3.1 Introduction

Active faults are usually surrounded by narrow regions of localized deformation extending
several hundred meters to a few kilometers in width across the fault. This deformation zone
consisting of a dense fracture network is macroscopically viewed as an elastic layer with

low seismic wave velocities and referred to as a fault damage zone (Ben-Zion and Sammis,

“Chapter 3 is published in Geophysical Research Letters: Thakur, Prithvi, and Yihe Huang. “Influence
of fault zone maturity on fully dynamic earthquake cycles.” Geophysical Research Letters 48.17 (2021):
€2021GL094679.
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2003). The strength of the fault damage zone evolves throughout the seismic cycle, but the
details of the evolution mechanism and the nature of this evolution remain elusive.

Fault zone maturity can be defined and quantified by the total slip accumulated over
time in field geologic and geodetic studies (Dolan and Haravitch, 2014), with larger slip
corresponding to higher maturity. Fig. 3.1 shows a conceptual model of how a strike-slip
fault system may evolve through multiple earthquake cycles. Immature fault zones (Fig.
3.1a) are characterized by a distributed network of damage, and as the fault zone matures
(Fig. 3.1c), the damage becomes localized. The faulting itself becomes more localized,
transitioning from multiple and discontinuous slip surfaces to a more throughgoing fault.
Other parameters such as the total fault length, the slip rate, and the initiation age have
also been used to determine fault zone maturity (Perrin et al., 2016). However, the surface
slip expression for immature faults usually underestimate slip at depth by about 10 % to
60 % (Dolan and Haravitch, 2014). Perrin et al. (2016) have shown that structural matu-
rity of a strike-slip fault zone is well correlated with the seismic wave velocity of near-fault
materials, which decreases as the fault zone becomes progressively more mature. Such
velocity reductions are well documented along mature fault zones such as the San Andreas
fault zone (Li et al., 2006; Lewis and Ben-Zion, 2010), San Jacinto fault zone (Lewis et al.,
2005), Nojima fault zone (Mizuno et al., 2008), and Wenchuan fault zone (Pei et al., 2019).
Examples of immature fault zones that exhibit less evidence of localized damage include
the northern part of the San Andreas fault zone (Waldhauser and Ellsworth, 2002), the Bam
fault in Iran (Fielding et al., 2009), the Jiuzhaigou earthquake near Kunlun fault zone in
China (Li et al., 2020), and Peloponnese fault zone in Greece (Feng et al., 2010). Previous
studies have shown that a more compliant or mature fault damage zone enables ruptures to
propagate as slip pulses (Harris and Day, 1997; Huang and Ampuero, 2011; Huang et al.,
2014a; Thakur et al., 2020; Idini and Ampuero, 2020). Geodetic observations (e.g., Gold-
berg et al., 2020; Feng et al., 2010) have shown earthquake slip distributions are complex
in an immature fault zone, and they become more uniform as the fault zone matures. Un-
derstanding the long-term earthquake behavior during the structural evolution of the fault
damage zone is key to unraveling the locations, recurrence intervals, stressing history, and
the probability of subsequent earthquakes in an active fault zone.

Observations of seismic wave velocity changes within the fault damage zone (< 1 km
from the fault; (e.g., Vidale and Li, 2003b; Li et al., 2003, 2006; Wu et al., 2009; Peng and
Ben-Zion, 2006b; Zhao and Peng, 2009; Roux and Ben-Zion, 2014)) documented a sharp
decrease in pressure- and shear-wave velocities following earthquakes as well as a subse-
quent logarithmic increase in wave velocity with time. Other observations further away
from the fault zone (e.g., Taira et al., 2009; Chen et al., 2015; Pei et al., 2019) revealed
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coseismic reduction and interseismic increase of seismic wave velocities in the surround-
ing region. Laboratory experiments have shown similar change in seismic wave velocities
(Johnson and Jia, 2005; Kaproth and Marone, 2014; Snieder et al., 2016) wherein they
observe compaction during holds (i.e., interseismic period) and dilation during fault slip
(i.e., seismic events). Mechanisms for damage accumulation in active fault zones are likely
a combination of processes including dilation, compaction, cracking, shear driven pulver-
ization, and fabric generation (Gratier et al., 2003). The observed coseismic velocity drop
is potentially related to brecciation, cataclasis, and damage accumulation, implying a mag-
nitude dependence of this velocity drop (Li et al., 2003; Rubinstein and Beroza, 2005;
Brenguier et al., 2008).

During the interseismic period, time-dependent fault zone healing may occur due to
a combination of rheological restrengthening, inelastic strain, mineral precipitation, and
fluid pressure recovery (Vidale and Li, 2003b). There is some debate on whether this heal-
ing time is significant in contributing to fault zone stress redistribution and therefore in-
fluencing long-term seismicity (Vidale and Li, 2003b; Mizuno et al., 2008). It is hard to
accurately quantify fault zone healing time because it requires long-term continuous mon-
itoring of seismic wave velocities. Active seismic studies along the Landers fault zone
(Vidale and Li, 2003b) and Longmenshan fault zone (Pei et al., 2019) suggest that it may
take years or decades to heal completely, whereas other studies (Peng and Ben-Zion, 2006b;
Mizuno et al., 2008; Wu et al., 2009) suggest that the healing time may not be longer than
the typical timescales of postseismic afterslip, i.e., a couple of months. Another study by
Roux and Ben-Zion (2014) along the North Anatolian Fault suggests a recovery rate over a
timescale of few days. It is worthwhile noting that some of these studies may have a lower
spatial resolution than others which might affect the inference of fault zone recovery rate.

We use numerical simulations to understand the effects of fault zone damage accumu-
lation after multiple cycles of earthquakes and healing during the interseismic period on
a two-dimensional vertical strike-slip fault. We model the fault zone structure evolution
as changes in the shear wave velocity of an elastic layer surrounding a strike-slip fault.
This elastic fault damage zone has a lower shear wave velocity, and therefore, a lower
rigidity compared to the surrounding host rock. We assume a constant density in our nu-
merical simulations as the changes in shear-wave velocity has a more significant effect on
the rigidity of the material. Throughout the remainder of this article, we will use the term
’rigidity ratio”, which is the percentage ratio of the fault zone shear modulus to the host
rock shear modulus, to parameterize the fault zone evolution through time. Fig. 3.1b shows
a representative rigidity ratio evolution through time. We constrain the coseismic damage

accumulation and the rate of interseismic healing using shear-wave velocity observations
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from Wenchuan (Pei et al., 2019), Landers (Vidale and Li, 2003b), Nojima (Mizuno et al.,
2008), and North Anatolian Fault zones (Peng and Ben-Zion, 2006b). We describe the nu-
merical procedure and the fault zone healing mechanism in section 3.2. The results of our
models are described in section 3.3. We show that an immature fault zone tends to produce
more slow-slip events and irregular earthquake sequences with predominantly subsurface
events. In contrast, a more mature fault damage zone tends to produce a more regular se-
quence of earthquakes with a combination of surface-reaching and subsurface events. In
section 3.4, we discuss the implications of our results for earthquake cycle behaviors of

strike-slip fault zones.

3.2 Model Description

We use two-dimensional earthquake cycle models of strike-slip faults with mode III rupture
where the displacement is out of the plane of interest and stresses and friction vary with
depth. For simplicity, we use a narrow fault-parallel layer as a proxy for the damage zone
and its geometry remains constant throughout the simulated sequence. This is equivalent
taking a vertical cross-section across Fig. 3.1c, and the fault zone maturity in the damage
evolution model corresponds to the change in rigidity ratio without changing the geometry
of the fault zone (Fig. 3.1b). The frictional properties and initial conditions are chosen to
keep the frictional complexities at a minimum. Here we focus the discussion on fault zone
properties.

Since there are very few long-term observations (10,000-100,000 years) documenting
the changes in permanent damage through multiple earthquake cycles, we limit ourselves
to modeling short earthquake sequences for several hundred years each, with each sequence
intended to represent different stages of fault zone maturity, including an immature stage
and a mature stage, both of which accumulate no permanent damage. We also consider
a transition stage which incorporates permanent damage, i.e., a reduction in rigidity after
each earthquake. The distinction between immature and mature fault zones in our models
depends on the rigidity ratio of the damage zone to the host rock. Typically, larger velocity
reductions (35 % to 50 %) and lower rigidities (25 % to 45 % of host rock) are measured
around mature fault zones, whereas smaller velocity reductions (8 % to 10 %) and higher
rigidities (80 % to 90 % of host rock) are measured around immature fault zones (Perrin
et al., 2016). Based on these seismic wave velocity measurements, we choose a rigidity
ratio changing between 80 % and 85 % of host rock for the immature fault zone and a
rigidity ratio changing between 40 % and 45 % of the host rock for the mature fault zone.

While mature fault zones can have lower rigidities as well, the chosen values lie well within
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what is observed for mature and immature fault zones.

Another important parameter is the coseismic velocity drop. While its value is not well
constrained by observations and can vary significantly (0.1 % to 5 %) between different
fault zones such as Parkfield (Li et al., 2006), Wenchuan (Pei et al., 2019), and Landers (Li
et al.,2003), it is dependent on the size of the earthquake with smaller earthquakes showing
smaller coseismic drop. Since our simulations are two-dimensional and do not have any
along-strike constraints on the earthquake size, we use a magnitude-independent coseis-
mic damage accumulation of 5 % rigidity change in order to facilitate a better comparison
between different simulation cycles.

Our current models are a purely elastic approximation of how a fault damage zone may
evolve over time through multiple earthquake sequences. This ignores the energy dissi-
pated through the damage process (e.g., Okubo et al., 2019), including that required for
secondary crack formation (Lyakhovsky et al., 2005). Additionally, the coseismic velocity
drop in our models approximates the damage evolution and crack propagation over smaller
timescales during each event to a step change that occurs after the event is over. Other plau-
sible mechanisms such fault roughness evolution (Heimisson, 2020), or alternate modeling
approaches such as elastic impact (7sai and Hirth, 2020) might influence the dynamics of
earthquake sequences. While incorporating these complexities may affect the overall fault
slip behavior, they are computationally very expensive to implement and beyond the scope
of the current study.

Our damage evolution model is described by a change in the rigidity ratio with respect
to the host rock. We parameterize this ratio of shear modulus of the damage zone to the
shear modulus of the surrounding host rock using three variables: A: the coseismic damage
accumulation, which shows the amount of damage increase after an earthquake, 7": the
healing time, which shows the interseismic duration it takes the fault zone to heal to its
maximum level, and P: the permanent damage, which shows the amount of damage that

the fault zone never recovers. The rigidity ratio evolves through time based on the following

relation:
755 Ay, after each earthquake 3.1
K A(1 — exp(—(7)(t — tstart))) + Ao, during interseismic period .

where ¢ and tgtqp¢ are the current timestep and the start time of the previous earthquake
in years, % is the inverse of healing time (in years), Ay is the prescribed damage after the
earthquake. For the simulations with zero permanent damage (Fig. 3.2 and Fig. 3.3), Ay is

zero. For the simulation with permanent damage (Fig. 3.4), the permanent damage P is set
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up by decreasing A, after each earthquake to Ay — nP, where n is the earthquake number.

We use a spectral element method to simulate fully dynamic ruptures and aseismic de-
formation on a two-dimensional fault with mode-III rupture (Kaneko et al., 2011; Thakur
et al., 2020). Adaptive time-stepping is used to switch from aseismic to seismic events
based on a threshold slip velocity of 0.5 mms~! (Erickson et al., 2020). The fault is 24
km deep, with the seismogenic zone extending from 3 km to 16 km. The rest of the fault
creeps aseismically. Our two-dimensional rectangular domain is twice the fault length in
the dip direction and 30 km in the off-fault direction. The bottom of the fault is loaded
with a plate loading rate of 35 mm yr~!. Free surface is imposed on the top boundary of
the domain, whereas the other three boundaries have absorbing boundary conditions. The
frictional resistance of the fault to sliding is described by laboratory derived rate- and state-
dependent friction laws, which were developed empirically (Dieterich, 1979; Ruina, 1983;
Blanpied et al., 1991) and is widely used in numerical models to simulate earthquake se-
quences (Rice, 1993; Lapusta et al., 2000). We use rate- and state- dependent friction with
aging law for the state-evolution to simulate earthquake sequences on the fault (Dieterich,
1979; Ruina, 1983; Scholz, 1998). We use the regularized form of the rate-and-state model
(Lapusta et al., 2000; Rice and Ben-Zion, 1996), which relates the shear strength (7") to the

slip rate (5) as follows:

5 fo+b1na(59/Lc)] (3.2)

T = ao arcsinh [—.e
o
where & is the effective normal stress (i.e., the difference between lithostatic stress and
the pore fluid pressure), f, is a reference friction coefficient corresponding to a reference
slip rate b0, L. is the characteristic distance over which the contact asperity slips, and a
and b are empirical constants dependent on the mechanical and thermal properties of the
contact surface. The state variable 6, interpreted as the average lifetime of the contact
asperity, evolves as follows: .
o _ o0
dt L,
Barbot (2019a) has shown that the state variable 6 is the age of contact strengthening.

(3.3)

Depending on the values of L., (a — b), and the ratio % we can determine the frictional sta-
bility of the fault wherein we can have an unstable slip for a steady state velocity weakening
frictional regime (a — b < 0), or a stable sliding for a steady state velocity strengthening
frictional regime (a — b > 0). Fault dynamics is controlled by R,,, the ratio of the velocity-
weakening patch size to the nucleation size, and the ratio bjTa that controls the relative

importance of strengthening and weakening effects and the ratio of static to dynamic stress
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drops. For higher values of I?,,, we can obtain more chaotic rupture styles such as partial
and full ruptures, aftershock sequence, and a wide range of events (Barbot, 2019a; Catta-
nia,2019). In our simulations, we use relatively simple values for the theoretical nucleation
size of ~ 2 km, and the width of velocity weakening region of ~ 10 km, implying that the
value of R, is ~ 5, which predicts single-period full ruptures in a homogeneous medium
Barbot (2019a).

The fault damage zone extends throughout the domain and is symmetric across the
fault. We use temporal changes in the rigidity ratio of the fault damage zone for modeling
the damage accumulation and healing through time. We use a constant half-width of 1
km for the fault zone geometry. This facilitates easier comparison between mature and
immature fault zones and is coherent with the observations (Ben-Zion and Sammis, 2003;
Perrin et al., 2016). The host rock has a shear wave velocity of 3464 km/s and a density of
2670 kgm " implying that the shear modulus is 32 GPa. We start with the same initial shear
wave velocity in the fault damage zone but with a density of 2500 kgm > which remains
constant throughout the simulation (Kaneko et al., 2008; Kaneko et al.,2011). Since density
does not contribute as much to the rigidity as the shear wave velocity, any changes in the
rigidity of the fault damage zone are directly related to the changes in shear wave velocity,
which is an observable from seismic monitoring experiments. The initial rigidity ratio (“TD)
is approximately 0.94, which primarily stems from the density difference between the host
rock and the fault damage zone. The parameters tested for this study are discussed in Tables
3.1 and 3.2. The parameters shown in the results are shown in bold in Table 3.2.

The time-evolution of the shear modulus, described in equation Al, is operative only
during the quasi-static part of the deformation, i.e., when the inertia is negligible and the
fault is creeping aseismically. Since the time-steps are large in this part of the simulation,
the deformation is essentially slow-enough such that the stress-strain relationship is linear
throughout the numerical simulation. During the dynamic earthquakes, the shear modulus
remains constant till the inertial effects are dissipated, after which it drops by a prescribed
amount. This ensures that we can study the effects of coseismic damage accumulation and
interseismic healing using parameters inspired by seismic observations, but still pertain to
an elastic deformation regime.

Fig. 3.4 shows the fault slip evolution in a simulation that includes permanent damage

after each earthquake.
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3.3 Results

We have tested a range of parameters in our simulations that account for fault zone maturity,
coseismic damage accumulation, and healing time. Here the fault zone maturity can be
described by the initial rigidity ratio (Fig. 3.1b). These parameters are described in Tables
3.1 and 3.2. For brevity, we choose to show representative cases for a healing time of 8
years and a coseismic velocity drop of 5% in the following subsections. Changing these
parameters (e.g., healing time between 1 and 20 years) have some effects on the location
and timing of individual earthquakes but does not affect the overall interpretation of our

results.

3.3.1 Effects of Fault Damage Zone Maturity

The initial rigidity ratio of fault damage zones with respect to the surrounding host rock
can have significant effects on seismicity evolution. A higher initial rigidity ratio implies
a less mature fault zone and vice versa. While keeping the permanent damage at zero, we
compare an immature fault zone evolution characterized by rigidity ratio changing between
80 % and 85 %, against a mature fault zone evolution characterized by rigidity ratio chang-
ing between 40 % and 45 % (Figs. 3.2a and b). For the sake of simplicity, the fault zone
accumulates damage by the same amount irrespective of the earthquake size.

For the models with a constant healing time, a mature fault zone tends to show more reg-
ular earthquake sequences with full (surface-reaching) ruptures, whereas a less mature fault
zone shows irregular earthquake sequences with partial (subsurface) ruptures and more
slow-slip events (Figs. 3.2c and d). The cumulative slip demonstrates events with variable
sizes and depths throughout the seismogenic zone, but we do not see ruptures spanning the
entire seismogenic region in the immature fault zone. Instead, we only see ruptures extend-
ing across a fraction of the seismogenic zone, and these partial ruptures persist throughout
multiple seismic cycles. This phenomenon of partial ruptures occurs only in immature fault
zone model with healing, which tend to have crack-like ruptures and overall lower slip ve-
locities. In contrast, mature fault zone model exhibit higher slip-velocities and pulse-like
ruptures, which tend to produce surface-reaching ruptures. Such pulse-like ruptures can be
identified by looking at the cumulative slip of earthquake cycles in mature fault zones (Fig.
3.2d), where the final slip distribution is nearly flat, a characteristic of pulse-like ruptures
(Heaton, 1990).

We measure shear stress before and after a representative earthquake from each of these
simulations to understand the depth distribution of stress drop and the mechanisms account-

ing for different earthquake behaviors in mature and immature fault zones. Figs. 3.2e and
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f show the depth distribution of shear stress for an earthquake in the immature and mature
fault zone models, respectively. We see that the mature fault zone model exhibits a large,
uniform stress drop along the fault dip (Fig. 3.2f) such that stress peaks after the earth-
quake are concentrated only towards the edges of the velocity-weakening segment due to
ruptures propagating throughout the seismogenic zone. On the other hand, the immature
fault zone model (Fig. 3.2e) results in a partial stress drop as the rupture is arrested before
reaching the edges of the asperity. In this context, a partial stress drop refers to the stresses
being released only in a small portion of the velocity-weakening segment along the fault.
The partial stress drop in immature fault zones leads to residual stress peaks concentrated
within the velocity-weakening region, which may cause subsequent ruptures or slow-slip
events near those stress peaks. As discussed in more detail in section 3.2, the slow-slip
events can delay the next earthquake rupture and result in irregular recurrence intervals
between earthquakes.

We also include permanent damage after each earthquake in our model to demonstrate
the transition from an immature fault zone to a mature fault zone (i.e., P is nonzero in Fig.
3.1b). While faults in nature need several tens of thousands of years to transition from im-
mature to mature stages, it is not computationally feasible to perform such simulations with
full inertial effects. The choice of the amount of coseismic velocity reduction and interseis-
mic healing in our simulations allows the transition from immature to mature fault zones
within 300-400 years. Fig. 3.4 shows the accumulated slip contours for the earthquake cy-
cle in this scenario. We begin with an initial rigidity ratio of 90 % and drop it down by 5 %
after each earthquake (Fig. 3.4). We allow the fault to recover 80 % of the coseismic drop
in rigidity during the interseismic period therefore accommodating a permanent damage of
1% rigidity reduction after each earthquake, though smaller recovery percentages may be
achieved if the next earthquake occurs before the fault has healed completely (Fig. 3.4b).
We see a progressive increase in the rupture length from partial to full ruptures as the fault
zone becomes more mature (Fig. 3.4a). We distinguish between an immature and a mature
fault damage zone based on when we start observing surface-reaching events that rupture
the entire seismogenic zone. Surface-reaching ruptures become prevalent when the rigidity
ratio falls below 60 % of the host rock. Furthermore, earthquakes become more regular
and frequent as the fault zone matures. This simulation informs us that the transition from
immature to mature fault zone is gradual, and we can see a mixture of surface-reaching and

subsurface events during this transition stage.
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3.3.2 Effects of Healing: Slow-Slip Events and Irregularity in Recur-

rence Intervals

Interseismic healing has significant effects on the dynamics of earthquakes and aseismic
fault slip, including creep accumulation within the nominally velocity-weakening region,
inhibition of surface-reaching events, restriction of earthquake sizes, and generation of
slow-slip events also within the velocity-weakening region. Here we discuss the effects
of healing in an immature fault zone in more detail and demonstrate how slow-slip events
affect seismicity by comparing a simulation with fault zone rigidity ratio ranging between
60 % and 65 % against a fault zone with the same initial rigidity ratio but without healing
(i.e., a constant rigidity ratio of 60 %). This range of rigidity ratio still lies in the immature
fault zone parameter space discussed in the previous section but leads to fewer slow-slip
events compared to the 80 % to 85 % range. It allows us to analyze the healing effect and
slow-slip events more clearly.

In our numerical simulations, slow-slip events are manifested as accelerated slip that
fail to reach the seismic threshold velocity but release finite stress on the slip patch along
a portion of the fault. The slip rate of slow slip events in our simulations can vary from
1x10®mstol x 107*ms~! (Fig. 3.3). Besides slow-slip events, the events below
the seismic threshold in our simulations also encompass aseismic creep and afterslip (Fig.
3.3b). Aseismic creep is characterized by slip rate that is close to the tectonic plate rate (<
1 x 107%ms™1). Afterslip is another category of transient slow-slip that releases stresses
from recent earthquakes during the postseismic stage (Avouac, 2015; Biirgmann, 2018).
The slip rate of afterslip is typically below the seismic slip rate of 1 mms~* and can go
downto 1 x 107°ms~1. Afterslip can be distinguished from the slow-slip events by when
and where they occur, i.e., away from peak-slip regions of earthquakes.

Figs. 3.3a and b show the slip-rate evolution for a fault zone without and with healing
during the seismic cycle. The simulation without healing (Fig. 3.3a) shows large surface-
reaching ruptures that are periodic in time. This sequence of earthquakes encompasses dy-
namic events and aseismic creep but does not exhibit any slow-slip events between them.
Fig 3.3b shows a wider range of events including multiple slow-slip events in addition
to earthquakes and creep. Such slow-slip events can be identified from the peak slip-rate
function in these simulations (Figs. 3.2a and b, and Fig. 3.3d) and generally occur during
the interseismic stage within the seismogenic zone in our simulations (Figs. 3.3b and d).
These slow-slip events are distributed throughout the interseismic period, with no temporal
preference before or after an earthquake, though they have a spatial preference in relation

to the residual stresses from previous events. Earthquake ruptures and slow-slip events
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in our simulations with fault zone healing occur at the edges of previous ruptured region
within the velocity-weakening zone (Fig. 3.3b), due to residual stress peaks from those
events. The slow-slip events also contribute to the release of stresses during the interseis-
mic period, and in addition, generate stress-peaks within the seismogenic zone, away from
its base. This is in contrast to the simulation without healing (Fig. 3.3a), where the stress
peaks are predominantly near the base of the seismogenic zone. Other numerical studies
(Barbot, 2019a; Idini and Ampuero, 2020) also showed that slow-slip events can be gen-
erated in the velocity-weakening part of the fault using quasi-dynamic continuum models.
However, the relative size of seismogenic asperity to nucleation, R, (Barbot, 2019a), for
such simulations is much lower than what we use here. Such numerical simulations can
exhibit periodic slow-slip events at lower R,, values (< 1) and chaotic slow-slip events at
higher R, values (> 13). Our simulations use an R, ~ 5, which should result in periodic
bilateral ruptures, as seen in Fig. 3.3a. Note that the incorporation of healing does not
change the R, values significantly as they lie in the same parameter regime through time.
However, interseismic healing helps release the stresses inelastically though time during
the quasi-static deformation, which rearranges the stress-peaks and stress shadows along
the fault dip, resulting in restriction of earthquake sizes and generation of slow-slip events.

Since the interseismic healing promotes slow-slip events, stresses are released nonuni-
formly along the fault during this period. This causes partial ruptures to terminate without
reaching the free surface. Moreover, these slow-slip events delay the onset of subsequent
earthquakes. We see in Figs. 3.3d and f that earthquakes become farther apart in time when
there are slow-slip events between them, as compared to consecutive earthquakes occur-
ring without such slow-slip events. This delay, combined with the occurrence of slow-slip
events within the velocity-weakening region, gives rise to the irregular recurrence of earth-
quakes in immature fault zones with healing. We can also infer that the slow-slip events
with higher amount of slip release more stresses during the interseismic period, which de-
lays the subsequent earthquake by a larger amount (Fig. 3.3f).

Another notable feature of the simulation with healing is the penetration of aseismic
creep into the velocity-weakening part of the fault (Fig. 3.3b). The simulation without
healing (Figs. 3.3a and c) shows complete ruptures with regular recurrence intervals, and
aseismic creep is constrained to the velocity-strengthening parts of the fault. However,
the incorporation of healing during the interseismic period allows the creep to accumulate
and build up progressively within the velocity-weakening region (Figs. 3.3b and d). We
demonstrate the cumulative rupture and creep extent from all the events in our simulation
with healing in relation to the velocity weakening and velocity strengthening regions along

the fault on the right side of Fig. 3.3b. We see that the cumulative creep extends through
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almost the entire fault, whereas the earthquake rupture extent is predominantly confined to
the velocity weakening region. Creeping within the seismogenic zone also causes nonuni-
form stress release during the interseismic period, similar to the effects of slow-slip events
discussed above, albeit to a lesser extent.

This effect of creep buildup within the velocity-weakening region and the abundance
of slow-slip events is also observed in our simulation with permanent damage (Fig. 3.4).
We observe more slow-slip events during the immature stage of the fault zone which is re-
sponsible for irregular recurrence intervals for earthquakes. These slow-slip events become
less frequent during the mature stages of the earthquake cycle, and thus there is a more
regular sequence of earthquakes. This transition is in accordance with the results from the
previous section highlighting the differences between a mature and immature fault damage
zone without permanent damage. We show the slip rate range of slow-slip events and fast
earthquakes in our simulations, in comparison to those observed on natural faults and in
laboratory experiments in Fig. 3.3e. We see that our numerical simulation of a fault zone
with healing can produce a wide range of events, both in the fast slipping and slow slipping

regime, comparable to those observed along natural faults.

3.4 Discussion and Conclusions

Seismologic and geodetic observations in immature fault zones exhibit complex ruptures
and distributed coseismic damage. The damage zones in these faults are wider with poorly
defined boundaries, resulting in earthquake sequences exhibiting irregular recurrence and
size distributions akin to a Gutenberg-Richter magnitude scaling. Examples of such fault
zones include the Ridgecrest sequence where geodetic studies have shown complex, multi-
fault, and slow rupture with a heterogeneous static stress change (Goldberg et al., 2020).
The study by DuRoss et al. (2016) along the immature Wasatch fault zone in Utah suggests
partial-segment and multi-segment ruptures with irregular recurrence intervals. Seismic
studies after the 2008 earthquake in Peloponnese, Greece have shown negligible surface
deformation, i.e., a coseismic slip deficit towards the surface (Feng et al., 2010; Fielding
et al., 2009). Dolan and Haravitch (2014) compiled multiple fault zone studies to show
that the ratio of the surface slip-measurements to the slip at depth is correlated with fault
zone maturity, and immature fault zones tend to have lower ratios. These studies imply
that immature fault zones lack surface slip during the coseismic phase and exhibit irregular
recurrence intervals, which is also corroborated by our models. In contrast, very mature
sections of fault zones have been shown to exhibit higher regularity in earthquake recur-

rence (e.g., Alpine fault in Berryman et al., 2012; Howarth et al., 2021).
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Our results unveil how the seismic and aseismic segments in a fault zone interact dur-
ing the earthquake cycle within an elastic framework. We have shown that the seismogenic
zone (velocity-weakening) in our models can have both seismic and aseismic slip episodes,
with the latter encompassing slow-slip and creep events. The slow-slip events in our mod-
els are distributed within the velocity-weakening segment of the fault and occur through-
out the interseismic period. Additionally, we see the aseismic creep penetrating into the
velocity-weakening region in our immature fault zone models with healing. Both phenom-
ena contribute to the nonuniform release of stresses during the seismic cycle, with slow-slip
events having a dominant effect on the earthquake recurrence. Slow-slip events are very
challenging to observe in geologically immature strike-slip faults using seismic or geode-
tic methods. Certain observations along strike-slip fault zones (e.g., the Northern SAF in
Murray et al., 2014) and subduction zones (e.g., Japan subduction zone in Johnson et al.,
2016) have shown seismic and aseismic slip episodes occurring in the nominally velocity-
weakening region. As subduction zones tend to be old and mature, some local geologic
structures like heterogeneous seafloor structure or complex material properties associated
with partially coupled subduction zone might be needed to rejuvenate them (Wang and
Bilek, 2014). Surface creep has been observed on several fault systems including the Maa-
cama and Bartlett Springs (McFarland et al., 2009; Tong et al., 2013), and creep rates in
the shallow parts can be locally very high in the order of 1 x 107 ms™!to 1 x 10" ms~*
(Murray et al., 2014). This creep is suggested to extend to depths overlapping with some
or all of the seismogenic zone in the Northern San Andreas fault system (Murray et al.,
2014). Bruhat and Segall (2017) have explored models where they discuss that the updip
propagation of deep interseismic creep can explain the slip rate profile along the Northern
Cascadia subduction zone. These creep episodes may allude to slow-slip events happen-
ing in these regions of immature fault zones as well as subduction zones. Such conditions
would be expected to extend the time between major earthquakes, and potentially also limit
the earthquake size.

To summarize, we performed fully dynamic earthquake cycle simulations in a two-
dimensional strike-slip fault surrounded by an elastic damage zone with time-dependent
shear modulus evolution that emulates coseismic damage and interseismic healing during
seismic and aseismic periods respectively. The models with interseismic healing in imma-
ture fault zones can promote aseismic slip episodes including slow-slip events and creep to
propagate into the seismogenic zone. Our numerical simulations show that such events in
immature fault zones can limit the size of earthquakes and prolong the time between large
earthquakes. In these simulations, slow-slip events are abundant and the stress peaks from

previous earthquakes and slow-slip events are critical in determining the location of and
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timing of subsequent events, thereby creating irregularity in recurrence intervals and par-
tial ruptures. These partial ruptures lead to predominantly sub-surface events in immature
fault zones. In contrast, the higher compliance of mature fault zones leads to earthquakes
with complete stress drops and rupture extending throughout the seismogenic zone. We
demonstrate that such fundamental variations in fault slip behavior can arise due to how
the fault zone structure evolves in time, despite using simple elastic damage zone rheology
and frictional fault properties. Our results emphasize the importance of monitoring seismic
wave velocities and interseismic healing along active faults to help better characterize their

first-order mechanical behavior.
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3.5 Figures - Chapter 3
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Figure 3.1: A conceptualized evolution of a fault damage zone through multiple earthquake
sequences for strike-slip fault systems. (a) Schematic of an immature fault zone with dis-
tributed damage increases towards the surface. (b) Parameters considered for an elastic
damage evolution model, showing the prescribed change in the rigidity ratio (ratio of shear
modulus in damage zone to that in the host rock) through time. (c) Schematic of a mature
fault zone with localized damage and a dense fracture network.
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Figure 3.2: Immature vs mature fault damage zone. (a-b) The evolution of slip-rate function
(blue) and the rigidity ratio (red) through time. (c-d) Cumulative slip through earthquake
sequences shown along depth in mature and immature fault zones. The orange lines are
plotted every 0.1 seconds during earthquakes, and the blue lines are plotted every year
during interseismic periods. (e-f) The on-fault shear stress before and after a representative
earthquake for each case (circled in green in (c) and (d)) demonstrates a partial stress-drop
for immature fault zones and a complete stress drop for mature fault zones.
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Figure 3.3: (a) The spatiotemporal slip-rate evolution in immature fault zone without heal-
ing (see color scale in (b)). (b) The spatiotemporal slip-rate evolution in immature fault
zone with healing. The right side shows the depth extent of the frictional parameters de-
lineating the velocity-weakening and the velocity-strengthening region. (c-d) The rigidity
ratio and the peak slip-rate function for a segment of the simulation. (e) A compilation
of the peak slip-velocity range for slow-slip events from laboratory experiments, natural
faults, and our numerical simulations. (f) Zoom in of part (d), showing larger delay in
earthquake onset for higher slow slip-rates.
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Figure 3.4: Incorporation of permanent damage after each earthquake demonstrates the
transition from immature to mature fault zone. (a) The accumulated slip history. (b) Rigid-
ity ratio through time. Here, the transition from immature to mature fault zone occurs
within a few hundred years, whereas in nature, the evolution can take millions of years.
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Table 3.1: Parameters used in numerical simulations of earthquake cycles. The normal and
shear stresses represent the values for the velocity-weakening region.

Parameter Symbol  Value

Static friction coefficient 1o 0.6

Reference velocity Vo 1x107%ms™!
Plate loading rate Vot 35mmyr—!
Evolution effect b 0.019

Effective normal stress o 50 MPa

Initial shear stress o 30 MPa
Steady-state velocity dependence

in the seismogenic region (b—a) —0.004

Width of seismogenic zone w 10km
Half-width of damage zone w 0.5km
Average node spacing dx 20m

Seismic slip-rate threshold Vin Imms—!
Characteristic weakening distance L. 8 mm

Shear modulus of host rock o 32 GPa

Shear modulus of damaged rock 1755} Variable (see Eq. Al)
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Table 3.2: Damage evolution and healing parameters. The parameters in bold represent the
simulations presented in the paper. The left column shows the range of rigidity ratio over
which the shear modulus drops during earthquake and heals during interseismic period.

Rigidity ratio (£2)

Healing time (yr)

40 — 45%
80 — 85%
60 — 65%
60 — 70%
60 — 80%

8,10, 12, 15
8,10, 12, 15
4,8, 10,20
8

8
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CHAPTER 4

The Effects of Precursory Velocity Changes on
Earthquake Nucleation and Stress Evolution in

Dynamic Earthquake Cycle Simulations *

Abstract

Seismic velocity changes in earthquake cycles have been observed over a wide range of
timescales and may be a good indicator of the onset of future earthquakes. Understand-
ing the effects of precursory velocity changes right before seismic and slow-slip events
could potentially elucidate the onset and timing of fault failure. We use numerical models
to simulate fully dynamic earthquake cycles in 2D strike-slip fault systems with antiplane
geometry, surrounded by a narrow fault-parallel damage zone. By imposing S-wave ve-
locity changes inside fault damage zones, we investigate the effects of these precursors
on multiple stages of the seismic cycle, including nucleation, coseismic, postseismic, and
interseismic stages. Our modeling results show a wide spectrum of fault slip behaviors
including fast earthquakes, slow-slip events, and variable creep. One primary effect of the
imposed velocity precursor is the acceleration of an otherwise slow-slip event into a fully
dynamic earthquake. Furthermore, the onset time of these precursors has significant effects
on the earthquake nucleation phase, and earlier onset of precursors causes the earthquakes
to nucleate sooner with a much smaller nucleation size that is not predicted by theoretical
equations. Our results highlight the importance of short- and long-term monitoring of fault

zone structures for better assessment of regional seismic hazard.

“Chapter 4 is to be submitted to Earth and Planetary Science Letters: Thakur, Prithvi, and Yihe Huang.
“The Effects of Precursory Velocity Changes on Earthquake Nucleation and Stress Evolution in Dynamic
Earthquake Cycle Simulations”.

55



4.1 Introduction

Earthquakes are a complex phenomenon occurring over a wide range of spatial and tempo-
ral scales. They are believed to result from a sudden release of accumulated energy man-
ifested either as failure in intact rocks or sudden stick-slip motion on preexisting faults.
Predicting the onset and timing of fault failure leading to earthquakes is one of the ulti-
mate goals of seismology. However, our current understanding of earthquake preparation
processes, including the nucleation phase that leads to the start of earthquake rupture ac-
celeration, is still limited. One direction towards understanding this process is searching
for precursory signals preceding large earthquakes, but the effect of precursory signals on
the subsequent earthquake and long-term seismic cycles is yet to be explored.

The commonly observed preseismic signals include the reduction in b-values prior to
large earthquakes and slow-slip events leading up to large earthquakes, e.g., the 2011 Mw
9.0 Tohoku-Oki earthquake (Kato et al., 2012; Nanjo et al., 2012; Ito et al., 2015), and
the 2014 Mw 8.1 Iquique, Chile earthquake (Kato and Nakagawa, 2014). Additionally,
changes in seismic wave velocity have been observed along natural faults prior to earth-
quakes (Whitcomb et al., 1973; Niu et al., 2008). Whitcomb et al. (1973) found that both
the P- and S-wave velocities significantly decreased about 3.5 years before the 1971 San
Fernando earthquake followed by a slower recovery period. They also inferred that this
velocity change could be proportional to the size of the effective fault dimension. Niu et al.
(2008) inferred precursory velocity changes approximately 10 and 2 hours prior to two
earthquakes using the travel time data from active source experiments in the SAFOD drill
site. Similar precursory signals are seen in surface expression of fault slip, like premon-
itory slow-slip events before landslides (Poli, 2017) or seismic velocity decrease prior to
volcanic eruption (Olivier et al., 2019). Scuderi et al. (2016) have studied such robust pre-
cursory signals in laboratory fault experiments and found systematic reduction in seismic
wave velocities during both slow and fast earthquakes, which are believed to start via the
same nucleation process (Kato et al., 2012; Bouchon et al., 2013; Hulbert et al., 2019).
The mechanisms for these precursory seismic velocity changes are primarily attributed to
the accelerating fault deformation, fluid effects, and opening and closure of microcracks
due to stress changes (Scuderi et al., 2016; Poli, 2017; Stanchits et al., 2003; Rivet et al.,
2016). The above discussion begs the questions: is precursory velocity change a robust
indicator of the size, onset, or duration of an earthquake? How does the onset duration of
such velocity precursors affect the earthquake nucleation and rupture process?

Faults are also geometrically complex, and the surrounding network of fractures with

nested hierarchy of localized deformation is referred to as a fault damage zone (Lewis and
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Ben-Zion, 2010; Yang et al., 2011; Niu et al., 2008). Numerical models of earthquakes
in fault damage zones approximated as elastic low-velocity layers suggested that they can
influence dynamic rupture styles (Huang and Ampuero, 2011; Huang et al., 2014b) as
well as long-term seismic cycle behaviors (Abdelmeguid et al., 2019; Thakur et al., 2020
Nie and Barbot, 2021). Additionally, these fault damage zones may change in strength
throughout the earthquake cycle due to coseismic damage accumulation and interseismic
healing (Thakur and Huang, 2021, and references therein), which give rise to variability
in earthquake size, location, and interevent times in immature and mature fault zones. The
long-term behavior of fault slip is also governed by other factors including the variation
of initial stress at different scales (Andrews and Ma, 2016), and the earthquake nucleation
size and duration (Lapusta and Rice, 2003a; Cattania,2019). Dynamic rupture models with
heterogeneous power-law stress distribution have partially explained the observed scaling
of stress drop, moment, and radiated motion (Ripperger et al., 2007; Andrews and Barall,
2011; Dalguer and Mai, 2011). Models simulating the whole earthquake cycle (7al and
Hager, 2018; Tal et al., 2018; Ozawa et al., 2019) also utilize the spatial roughness of
faults to induce stress heterogeneities. Therefore, it is evident that both stress and material
heterogeneities play important roles in the generation mechanisms of earthquakes in natural
fault zones.

Here we investigate the effects of precursors on multiple stages of the seismic cycle,
including nucleation, coseismic, postseismic, and interseismic stages, by imposing S-wave
velocity changes in fault damage zones. Since a natural fault rarely has uniform background
stresses, we also show the effects of such precursory velocity changes in earthquake cycles
on a fault with a self-similar distribution of initial normal stress with depth, which may
manifest due to apriori stress heterogeneities, local geologic structures, or stress transfer
from surrounding faults. Our results show that the onset of precursory S-wave velocity
drop causes an earlier nucleation of earthquakes, therefore causing a reduction in recurrence
intervals over the seismic cycle. Moreover, precursory velocity changes also promote the
acceleration of slow-slip events to dynamic earthquakes, and promote the growth of some
intermediate magnitude earthquakes, which do not break through the entire fault asperity,
into full ruptures spanning the entire fault width. We also discuss how the heterogeneities
in fault shear stress are manifested after multiple earthquakes due to fault damage zones,
precursors, and initial self-similar normal stress. Our results highlight the importance of
short- and long-term monitoring of fault zone structures for better assessment of regional

seismic hazard.
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4.2 Methods

We use physics-based numerical models to simulate fully dynamic earthquake cycles in
a two-dimensional, vertical strike-slip fault with antiplane geometry. We model all the
stages of earthquake cycles including nucleation, dynamic rupture, and post-seismic and
interseismic stages using a 2D spectral element method (Kaneko et al., 2011, and references
therein). For simplicity, we use a narrow fault-parallel layer as a proxy for the damage
zone and its geometry remains constant throughout the simulated sequence (Figs. 4.1a and
b). The material is purely elastic with the fault-parallel damage zone having a lower shear
modulus compared to the surrounding host rock. On an antiplane fault, the initial conditions
of stresses and friction are depth-dependent, and the models do not have any along-strike
variable properties. Full inertial effects with explicit time-stepping are considered during
dynamic ruptures, and a quasi-static algorithm with implicit adaptive time-stepping is used
during the interseismic period (Lapusta et al., 2000). Earthquakes are recorded in our

simulation when the on-fault slip velocity exceeds 1 mms~!.

4.2.1 Model Setup

Our model domain extends to 48 km in depth and 30 km in width (Fig. 4.1b). Since this
setup is symmetric across the fault, we only consider one half of the domain to save compu-
tational cost. The top boundary represents the earth’s free-surface and is therefore imposed
to be stress-free. The fault zone boundary is divided into two parts: the top 24 km of the
boundary is the active fault governed by rate- and state-dependent friction laws, and the
bottom 24 km loads the fault with a constant velocity of 35 mm yr~!. The other boundaries
are absorbing boundaries that allow seismic waves to pass through. The seismogenic zone,
a segment of the fault that accumulates stress during the interseismic period to eventually
host earthquakes, extends from 2 km to 17 km along the fault as in typical strike-slip fault
systems. The rest of the fault creeps aseismically. Mature fault damage zones in our simu-
lations are approximated as elastic layers parallel to the fault with lower shear moduli than
the surrounding host rock. The damage zone is 1 km wide and extends throughout the do-
main of the simulation. The host rock has a density of 2670 kg/m? and an S-wave velocity
of 3464ms~!. The damage zone has a density of 2670 kg/m? and an S-wave velocity of
2425 m s, implying a 30 % velocity reduction, similar to what is observed in nature for
mature strike-slip fault zones (Huang et al., 2014b; Perrin et al., 2016; Thakur et al., 2020).
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4.2.2 Friction Laws

The laboratory-derived rate- and state-dependent friction laws determine how fast the fault
is slipping in relation to the shear strength (Dieterich, 1979; Ruina, 1983; Blanpied et al.,
1991). We use a regularized version of the classic rate- and state- dependent friction,
wherein the regularization is interpreted as a thermally activated creep model that relates
the shear strength (7°) to the slip rate (5) as follows:

5 fo+blr;(50/L)] 4.1)

T = ao arcsinh [—.e
(0]

where & is the effective normal stress (the difference between lithostatic stress and the

pore fluid pressure), f; is a reference friction coefficient corresponding to a reference slip-

rate 8, , and a and b are empirical constants that depend on the mechanical and thermal

properties of the interface in contact. The parameter ¢ is a state variable interpreted as

the average lifetime of the surface in contact and L. is the characteristic length scale over

which the contact surface slips. The evolution of the state variable is governed by the aging
law (Ruina, 1983): ‘

@ _ 99

dt L

The frictional stability on the fault is determined by the parameter (¢ — ). Fig. 4.lc

4.2)

shows the depth profile for the friction parameter (a-b). The seismogenic zone (2 km to
17km) is prescribed to be velocity weakening at steady state, which means it has potential
to develop unstable slip. The rest of the fault is prescribed to be velocity strengthening at
steady state, implying a stable sliding behavior. This profile is similar to what is expected
at equivalent depths from laboratory and numerical experiments (Blanpied et al., 1991;
Lapusta et al., 2000). Earthquake dynamics are determined by the parameters a/b and L.
A lower value of L. relative to the size of the velocity-weakening asperity results in more
chaotic rupture styles (Cattania, 2019; Barbot, 2019a), whereas a/b controls the relative
importance of strengthening and weakening effects and the ratio of static to dynamic stress
drops (Barbot, 2019a).

The nucleation length and the cohesive zone size can have important effects on the
spatiotemporal patterns of fault slip behavior and need to be well resolved (Rubin and
Ampuero,2005; Erickson et al., 2020). We set L. = 2 mm in our first set of results (Sections
4.3.1-4.3.3) which implies an approximate nucleation size of 500 m within the damage
zone. We use an average spatial resolution of 33 m, which ensures that we have more than

15 elements within the nucleating region and that the simulations are well resolved (7Thakur
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et al.,2020). Additionally, we show another set of results in Section 4.3.4 with L, = 8mm
in order to understand the effects of precursory velocity changes in earthquake cycles with

full, periodic ruptures.

4.2.3 Precursory Velocity Change Setup

We model the velocity precursor as changes in the S-wave velocity of the fault damage
zone surrounding a strike-slip fault. While the laboratory experiments have documented a
change in the P-wave velocity (Scuderi et al., 2016), natural faults often show equivalent
changes in P- and S-wave velocities in the absence of fluid effects (7hurber et al., 2003b).
Our models are two-dimensional and under antiplane strain approximation. Therefore the
models only have SH waves and we assume that similar changes in material properties
during the nucleation phase would lead to SH wave velocity reduction as well. Since fully
dynamic earthquake cycle models do not provide any constraint on the earthquake location
and timing except the initial stress and friction values, we use the maximum slip velocity
on the fault as a threshold for prescribing the precursory velocity drop (Fig. 4.2). Once
the on-fault slip-rate exceeds the threshold, the S-wave velocity drops instantaneously by
0.5 %. This velocity change is about a half of the observed P-wave velocity drop in fast
stick-slip experiments (Scuderi et al., 2016). It is imperative to note that this drop happens
only within the fault damage zone, where the S-wave velocity is already 30 % lower than
the surrounding host rock. Once the earthquake has completely ruptured and the on-fault
acceleration reaches 0, the fault zone S-wave velocity is set up to increase back to its
original value logarithmically with time. This healing happens over 21 days in our models,
which is chosen to be short enough so that it does not affect subsequent earthquakes in the
sequence (Fig. 4.2a). The evolution of the shear modulus in the fault damage zone with

respect to the host rock (up /) is given as follows:

A > if Vmam > Vi reshol
/L_D: 0 threshold (43)

Iz (1 —exp(—r(t —tgtart))), if M7D < Ao

where Ay is the specified amplitude of the precursory velocity drop, r is the healing
rate, and ¢ — fg¢qart 1S the timestep relative to the previous earthquake. Healing starts after
the current earthquake is over, while tg4r¢ refers to the start time of that earthquake.

The evolution of on-fault peak slip-rate with time shows the precursor onset duration
(Fig. 4.2b), and we can see that there is a sharp log-linear acceleration of fault slip-rate
due to the incorporation of this precursory velocity drop. We note that the actual duration

of precursor prior to an earthquake does not have a strict relation with the slip-rate thresh-
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old we use, and we need to calculate the actual duration after running the simulations.
In theory, a lower slip-rate threshold leads to a longer precursor duration. The measured
precursor durations suggest that they follow a nonlinear decreasing relationship with in-
creasing precursor slip-rate threshold for L, = 2mm and L. = 8 mm (Fig. 4.2c), but more
data points are needed to establish a quantitative relationship.

We also observe a significant reduction in earthquake nucleation size in the presence
of precursory velocity reductions. The theoretical equation for nucleation size in a layered
medium (Kaneko et al., 2011) predicts that it should depend only on the shear modulus of
the near-fault material given that other parameters are constant. This theoretical relation-
ship overestimates the nucleation size observed in our models with precursors. We measure
the nucleation size using the patch of the fault having higher slip-rate than the threshold ve-
locity of 1 mm s~ at the start of the earthquakes. Fig. 4.2d shows that the nucleation size
can be reduced by more than a half with increasing precursor duration for a constant 0.5%
precursory velocity drop. This is seen across both L. = 2mm and L. = 8 mm simulations.
Additionally, since the slip-rate threshold used for setting up the precursor onset duration
cannot be lower than the background creep rate of 1 x 10~ ms~!, the decrease in nucle-
ation size will plateau as the precursor onset duration increases. Our results suggest that the
nucleation size is also a function of precursory onset time, with a longer precursor duration

leading to a smaller nucleation size.

4.3 Results

4.3.1 Reference Model: Fully Dynamic Earthquake Cycles with a Fault

Damage Zone

Our reference model consists of a fault-parallel damage zone extending throughout the
depth of the domain, and a characteristic slip distance of L, = 2 mm. This reference model
does not have any precursory velocity drop. However, the presence of damage zone, along
with the small nucleation size, gives rise to complexities in the earthquake sequence such
as variability in earthquake magnitudes and hypocenter locations as well as the presence
of slow-slip events. These complexities result from a combination of stress heterogeneities
generated by fault zone reflected waves during dynamic rupture (7hakur et al., 2020) as
well as multi-sized earthquake ruptures due to the relatively small nucleation size com-
pared to the fault asperity size (Cattania, 2019; Barbot, 2019a). The cumulative slip con-
tours show that dynamic wave reflections affect seismic slip in large and small earthquakes

(Fig. 4.3a). The spatiotemporal slip-rate of a representative earthquake (marked in yellow
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star) shown in Fig. 4.3b highlights multiple dynamic wave reflections, where parts of the
fault have sub-seismic slip-rate (< 1 mm s~!) while other parts have seismic slip-rate. The
rupture also propagates as slip pulses at any given depth. Additionally, our reference model
has abundant slow-slip events between large earthquakes, as shown by the peak slip-rate
along the fault in Fig. 4.3c. In Fig. 4.3d, the shear stress before the earthquake high-
lights the overstressed nucleating region near 14 km depth, while the shear stress after the

earthquake is very heterogeneous in space, primarily because of dynamic wave reflections.

4.3.2 Effects of Precursory Velocity Changes on Earthquake Cycles

We present four models with different precursory durations for L. = 2 mm. Comparing the
cumulative slip for the simulations with precursors (Fig. 4.4a-d) to the reference simulation
(Fig. 4.3a, cumulative slip between 5 m to 8 m), we can see that the precursory simulations
host a greater number of surface-reaching earthquakes for an equivalent amount of ac-
cumulated slip. Note that for L. = 2mm the nucleation size decreases with increasing
precursor duration and reaches 0.5 times the theoretical estimate for the 30-day precursor
(Fig. 4.2d). Therefore, an earlier onset of precursory velocity drop results in an earlier
onset of earthquakes as demonstrated by the peak slip-rate in these simulations (Fig. 4.4e).
The reference model and the 1-hour precursor model only have one earthquake between
25-70 years. As the precursor duration becomes longer, the earthquake recurrence time
also decreases and we have additional slow events for the 2-day and 20-day precursors and
an additional earthquake for the 30-day precursor.

We further examine the magnitude-frequency distribution and the depth distribution of
earthquake hypocenters (Fig. 4.5). The earthquake magnitude is calculated by integrat-
ing fault slip over the rupture length given the fault zone shear modulus, and the rupture
width is assumed to be the same as the rupture length in our 2D approximation. The cu-
mulative magnitude-frequency distribution shows a sharp decrease in the number of earth-
quakes beyond magnitude 6 as well as a log-linear trend for smaller earthquakes for all the
simulations. However, the reference simulation has several intermediate magnitude earth-
quakes (Mw 4-6), whose number decreases log-linearly with increasing magnitude but has
a different slope than the smaller earthquakes. These intermediate magnitude earthquakes
disappear in our simulations with precursors, which predominantly exhibit larger surface-
reaching events and very small earthquakes. As the precursory velocity drop occurs, the
slip-rate accelerates at a faster rate compared to the reference simulation, which causes
the nucleation phase to accelerate and promotes earthquake rupture to break through the

free surface. Additionally, the simulation with 30-day precursor has more intermediate
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magnitude earthquakes compared to the other precursor durations, but still fewer than the
reference simulation (Fig. 4.5a).

Similarly, we see that the hypocenter locations of earthquakes in 20-day and 30-day
precursor simulations look more similar to those in the reference simulation, whereas the
I-hour and 2-day precursors give rise to a different distribution of earthquake hypocenters
along depth (Fig. 4.5b). Moreover, the 2-day precursor simulation shows that most of
the earthquakes nucleate at a very shallow depth. Since the shallow earthquakes in this
simulation are also large events that occur more infrequently than smaller events, the total
number of earthquakes in this case is lower than in the other cases when larger earthquakes
nucleate at the base of the seismogenic zone (Fig. 4.5a).

To understand the nucleation phase of these events with precursory velocity drop, we
compare the spatiotemporal slip-rate history in our 20-day precursor simulation with our
reference simulation. A comparison between Fig. 4.6a and Fig. 4.6b shows that there are
fewer slow-slip events in the presence of velocity precursors. In other words, there is a
lower number of earthquakes but a higher number of slow-slip events when there are no
precursors. By zooming in to the nucleation phase, we find the incorporation of precursory
velocity drop results in a much shorter nucleation phase (Fig. 4.6¢-d). Without precursors
(Fig. 4.6¢), the fault accelerates for 21 hours with peak fault slip-rate oscillating within
the slow-slip regime (< 1 x 10~*ms~1!) before growing into an earthquake. In contrast,
precursory velocity drop (Fig. 4.6d) shortens the duration of the nucleation phase to 3 hours
before the seismic event, and the peak slip-rate oscillations are also fewer and restricted
to less than 1 hour before the event, implying that it is easier for larger earthquakes to
nucleate. Again we observe that certain events that would have been slow-slip events in
our reference simulation (Fig. 4.6a) grow into dynamic earthquakes in the presence of

precursory velocity drop (Fig. 4.6b).

4.3.3 Heterogeneous Stress with and without Precursors

Natural faults manifest complexity in a variety of ways including fault roughness, stress
transfer from nearby faults, and background stress heterogeneity (Smith and Heaton, 2011).
Fault segments with relatively high shear stresses serve as asperities that facilitate rupture
nucleation and propagation, whereas those with relatively low shear stresses provide bar-
riers that tend to stop rupture. Modulated by fault friction, geometry, and fault zone ma-
terial properties, fault stress state also evolves with cycles of earthquakes and long-term
interseismic slip. To investigate whether the effects of precursory velocity changes are per-

sistent along faults with prior stress heterogeneities, we simulate earthquake cycles with a
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self-similar normal stress distribution along depth, hereafter referred to as heterogeneous
normal stress, in addition to velocity precursor and a fault damage zone. We use one-
dimensional stochastic, fractal like model to simulate heterogeneous stress, as described in
Smith and Heaton (2011).

The incorporation of self-similar normal stress influences the earthquake nucleation size
(Rubin and Ampuero, 2005; Kaneko et al., 2011), thereby making the nucleation variable
with depth. We see that the simulation with heterogeneous normal stress shows a rough slip
profile for the aseismic part as well, in contrast to the reference model that only shows a
rough coseismic slip profile (Fig. 4.7a). The heterogeneous normal stress model also delays
earthquake nucleation as compared to the reference model (Fig. 4.7c). However, with the
incorporation of precursory velocity drop 20 days prior to earthquake, the earthquakes
nucleate much earlier even when the initial normal stress is heterogeneous, similar to what
is seen in Fig. 4.4. Figs. 4.7b and d show the magnitude-frequency distribution and
the depth distribution of earthquake hypocenters for our simulations with heterogeneous
normal stress. While we see a greater number of earthquakes nucleating near the base of the
seismogenic zone than our reference model (Fig. 4.4), the overall distribution looks similar
between models with and without precursory velocity changes. This implies that though
the precursory velocity changes can strongly affect the onset of earthquake nucleation, it
has a weaker effect on the earthquake size and depth distribution than the fault damage
zone structure as well as heterogeneous normal stress and frictional parameters.

We further compare the shear stresses before and after one representative earthquake
for simulations with and without precursory velocity drop and initial heterogeneous normal
stress (Fig. 4.8). Our reference simulation with the fault damage zone exhibits heteroge-
neous shear stress after the earthquake within the seismogenic zone (2 km to 17 km in Fig.
4.8a), while the shear stress before the earthquake does not have heterogeneities except for
some stress peaks near the nucleation region and the frictional transition boundary. This is
because the stress heterogeneities are caused by dynamic wave reflections and only in the
region of rupture propagation. Moreover, the location and number of such stress peaks in
the reference simulation are affected by the stress heterogeneities of previous earthquake,
but they are not heterogeneous at every point along the fault. With the incorporation of
precursory velocity drop (Fig. 4.8b), we see that the shear stress before the earthquake is
more heterogeneous within the seismogenic zone. With additional initial heterogeneous
normal stress, the creeping regions of the fault exhibit more heterogeneities in the shear

stress as well which are amplified in the presence of velocity precursors (Figs. 4.8c and d).
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4.3.4 Precursory Velocity Change with a Larger Nucleation Size (L. =

8 mm)

In this section, we carry out more simulations using L. = 8mm while keeping other pa-
rameters the same as the above sections. The larger L. results in a proportionately larger
nucleation size and therefore periodic, full ruptures are exclusively observed in these sim-
ulations. Fig. 4.9a shows the cumulative slip for four simulations with different precursor
durations. Note that the simulation with a precursory velocity drop 1 second before the
earthquake shows a very slow rupture propagation during the start of rupture, demonstrated
by very dense cumulative slip contours during the seismic event. We see a clear reduction
in nucleation size as the precursor duration increases (Fig. 4.9a) and thus earlier earthquake
rupture onsets (Figs. 4.9b and c). The incorporation of precursory velocity changes also
results in a log-linear acceleration of slip-rate as discussed previously (Fig. 4.9¢). The
nucleation size for L. = 8 mm can drop by more than half of the theoretical nucleation size
(Fig. 4.2d), which suggests that the nucleation size reduction is relatively larger for larger
L, for an equivalent precursory velocity onset. As the material and frictional properties
are the same across these simulations with L. = 8 mm, the reduction in nucleation size is
caused solely due to the onset of precursory velocity drop. However, the reduction in nu-
cleation size does not cause additional earthquake complexities such as small earthquakes
and variable hypocenter locations. Across all these simulations, the resulting earthquake
magnitude remains unchanged for these large, periodic events. Since our models are two-
dimensional, the earthquake magnitude predominantly depends on the rupture length along
the dip direction. Our results show that precursory velocity drop does not contribute to any
change in rupture length for large periodic events, though earthquake magnitudes along

natural faults may also be affected by the rupture width along the strike direction.

4.4 Discussion and Conclusions

Earthquake recurrence predictability has been a long standing question in seismology. Two
time-dependent seismicity models for the recurrence of earthquakes, including the time-
predictable and slip-predictable models, have been proposed by Shimazaki and Nakata
(1980). In these models, the earthquake recurrence, or the time interval between two
large earthquakes is proportional to the slip amount of the preceding earthquake (time-
predictable) or the slip amount of the next large earthquake (slip-predictable). These mod-
els are based on the Reid’s elastic rebound theory, i.e., the earthquakes are a sudden elastic

rebound of the gradually accumulated stresses in the earth’s crust. A schematic of cumula-
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tive displacement with time is shown for these two models in Fig. 4.10a.

To compare our results with the classic time-predictable and slip-predictable models,
we show the cumulative slip against time for our representative models, including the refer-
ence model, a model with 20-day precursor, a model with self-similar normal stress (hetero-
geneous stress), and a model with both precursors and heterogeneous stress in Fig. 4.10b-e.
Since the recurrence models are based on coseismic slip of large earthquakes (Shimazaki
and Nakata, 1980; Rubinstein et al., 2012) while our numerical models capture all the
events, we consider our models to exhibit a time-predictable behavior if the cumulative
coseismic slip is larger than the accumulated creep, and to be slip-predictable if the cumu-
lative coseismic slip is smaller than the accumulated creep. We see that our models show
a complex sequence of earthquakes with a mixture of time-predictable and slip-predictable
behaviors. Furthermore, there are some significant differences between the surface slip
and the average slip in terms of earthquake predictability and recurrence, primarily for the
reference simulation (Fig. 4.10b). As discussed earlier, this model has more sub-surface
intermediate magnitude earthquakes, and therefore the surface slip may not be represen-
tative of the slip at depth for these earthquakes. The surface slip of our reference model
begins with a time-predictable behavior but later transitions to a slip-predictable behavior.
However, the average slip along depth shows a mixed behavior between 300 and 500 years
before transitioning to a slip-predictable behavior. The model with precursors (Fig. 4.10c)
shows a similar behavior for the surface and average slip, where the first 220 years of earth-
quakes exhibit a time-predictable behavior and they transition to a mixed behavior later in
the sequence, with a short slip-predictable stage between 400 and 500 years. Our simula-
tions with heterogeneous normal stress, with and without precursors (Fig. 4.10d, e), show
predominantly a time-predictable behavior with a mixed behavior later in the earthquake
cycle. Note that there may be some effects of the initial spin-up in our simulations that are
not considered when looking at these recurrence models.

The magnitude-frequency distribution of earthquakes usually follow a power-law rela-
tionship, best described by the Gutenberg-Richter (G-R) distribution. Most observations of
global and regional seismicity agree with the G-R distribution (Page and Felzer,2015; Run-
dle, 1989). However, certain observations of magnitude-frequency distributions along more
planar faults (e.g., the San Andreas Fault) have shown a “characteristic earthquake” distri-
bution, wherein the largest earthquake of a characteristic size recurs with an approximately
regular interval. The period between two such characteristic earthquakes is generally qui-
escent except for low-level seismic activity (Schwartz and Coppersmith, 1984; Wesnousky,
1994). While our reference simulation shows a more log-linear decrease of earthquake

size, the simulations with precursory velocity changes are more akin to a characteristic dis-
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tribution with a dearth of intermediate magnitude earthquakes (Fig. 4.5a, 4.7d). Despite
the similarities, the slope of the distribution is different from what is observed in nature,
primarily due to our choice of friction parameters and the two-dimensional model approx-
imations.

In this study, we have focused on imposing precursors and self-similar stresses under
an elastic approximation to study their effects on earthquake cycles. However, we have not
considered the physical mechanisms that may be responsible for such material properties
and stress changes through the earthquake cycle, e.g., incorporating plasticity (Erickson
and Dunham, 2014) or continuum damage rheology (Lyakhovsky et al., 1997; Thomas and
Bhat, 2018) within the fault damage zone. Incorporation of inelastic behavior in the fault
zone promotes the accumulation of permanent deformation throughout the fault zone evo-
lution. Such deformation may lead to a complex feedback between the evolving fault zone
medium and seismic events, generating unique off-fault rupture patterns (71omas and Bhat,
2018) and self-consistent healing and damage accumulation (Lyakhovsky et al., 1997). Mia
et al. (2022) have shown that the off-fault plastic accumulation may lead to partial ruptures
and clustering of seismic events in time. In our simulations, these mechanisms will likely
affect the slow-slip generation during the aseismic phase and modulate the shear stress evo-
lution throughout the seismic cycle. Additionally, due to the huge computational costs, we
have not explored the detailed parameter space for the choice of damage zone geometry
as well as precursory velocity onset and amplitude, which are likely to reveal additional
fault zone physics in relation to the velocity precursors. Despite these approximations in
our study, our simulations with prescribed precursory velocity drop before the earthquake
highlights the importance of monitoring such velocity changes in natural faults, which can
potentially aid in seismic hazard assessment.

We present two-dimensional, fully dynamic earthquake cycle simulations with an elas-
tic fault damage zone and analyze the effects of precursory velocity changes with vari-
able onset durations. We further investigate the effects of additional apriori stress het-
erogeneities with and without such precursory velocity changes. Our models demonstrate
that the earthquake nucleation size reduces by more than half due to a precursory veloc-
ity change of 0.5%, depending on how early this change occurs prior to the earthquake.
Furthermore, compared to a reference scenario without precursory velocity drop, the earth-
quakes nucleate earlier in the seismic cycle, with earlier precursor onset resulting in earlier
earthquake onset. Despite this significant reduction in the earthquake nucleation phase,
we find that the magnitude of earthquakes are comparable across different models for our
simulations with L. = 8 mm, whereas they can be highly variable for simulations with

L. = 2mm, suggesting that the complexities in earthquake sequences might depend on
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the characteristic slip distance L. and not solely on the nucleation size. Our models also
highlight the relative effects of heterogeneous stress evolution in the presence of fault dam-
age zones and precursory velocity reductions. Fault stress heterogeneities generated by
rupture in fault damage zones can affect the rupture nucleation and propagation of future
earthquakes. However, the incorporation of preexisting self-similar stresses promotes the
heterogeneous distribution of stresses during both rupture propagation and the aseismic
creep. For homogeneous initial stress conditions, precursory velocity changes affect the
earthquake statistics like the magnitude-frequency distribution and the hypocenter location,
while for a heterogeneous initial stress condition, the earthquake statistics are not affected
significantly. Our dynamic earthquake cycle models explore a range of complexities due to
precursory velocity drop and heterogeneous normal stresses, suggesting that more detailed
and frequent observations in nature can help us better estimate the size and timing of future

earthquakes.
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4.5 Figures - Chapter 4
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Figure 4.1: Model description and setup. (a) A schematic fault damage zone along a strike-
slip fault. (b) The model geometry for our numerical simulation. It represents a vertical
cross-section across the fault zone schematic in Fig. la, with a fixed fault damage zone
width. The model is infinite along strike. (c) The initial stresses and friction parameters
along the fault depth.
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CHAPTER 5

Conclusions

Earthquake cycle simulations help to the study of both earthquakes and interseismic de-
formation and to reconcile seismologic, geodetic, and geologic datasets over various time
scales. Seismological and geological observations from mature faults like San Andreas,
San Jacinto, and Northern Anatolian faults show that the seismicity on mature faults is
constrained by the material properties and the spatial extent of the damaged fault zones.
This thesis focuses on modeling fault damage zones, well-known structures of localized
deformation around faults, and study their effects on seismicity evolution and aseismic
transients in strike-slip fault systems.

We presented fully dynamic simulations of earthquake cycles in mature strike-slip fault
zones in chapter 2. We showed that the geometry and material properties of the fault
damage zone can significantly influence the spatial and temporal seismicity distribution.
In particular, the fault zone waves can lead to earthquakes with variable magnitudes and
hypocenter locations that are absent in an otherwise homogeneous material. The depth
distribution of earthquake hypocenters is strongly affected by the fault damage zone depth,
with shallower fault zones favoring shallower hypocenters. Shallow fault damage zones
produce a bimodal depth distribution of earthquakes that depends on both the frictional
and material boundaries along depth. The variable nucleation locations originate from the
interaction between stress heterogeneity induced by dynamic fault zone waves and the rate
and state fault. These results build new links between material properties of fault damage
zones, which can be directly measured using geologic, seismic and geodetic methods, and
the characteristics of earthquake sources.

Fault damage zone structure also evolves over time, resulting in damage accumulation
and healing. Paleoseismic studies of large strike-slip earthquakes, limited to the past 1,000
to 1,200 yrs, suggest that the recurrence of large events is non-uniform, possibly even
chaotic, with large gap in seismic activity followed by multiple seismic episodes (Grant
and Sieh, 1992; Fumal et al., 2002; Toké et al., 2006). In chapter 3, we presented fully

dynamic simulations in which damage accumulation and healing are modeled as changes
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in seismic wave velocities within the fault damage zones. The reduction of seismic wave
velocity and rate of interseismic healing are constrained by observations in Wenchuan,
Landers and Nojima. Our results unveil how the seismic and aseismic segments in a fault
damage zone interact during the earthquake cycle within an elastic framework. Both phe-
nomena contribute to the nonuniform release of stresses during the seismic cycle, with
slow-slip events having a dominant effect on the earthquake recurrence. Our simulations
also show that permanent damage limits the maximum sizes of earthquakes. The slow slip
events in our models are distributed within the velocity-weakening segment of the fault and
occur throughout the interseismic period. Fault zone healing promotes the penetration of
aseismic creep into the velocity-weakening region and reduces the fault asperity sizes that
host earthquakes. The results indicate that the damage and healing of fault damage zones
can have a pronounced effect on the temporal evolution of locked and creeping regions.

In chapter 4, we modeled precursory velocity changes in seismic cycles, often observed
in laboratory experiments (Scuderi et al., 2016), on strike-slip faults with homogeneous
and heterogeneous initial stresses. We demonstrated that an earlier onset time of precur-
sory velocity drop causes an earlier nucleation of earthquakes and a reduction in recurrence
intervals over the seismic cycle. Precursory velocity changes allow some intermediate mag-
nitude earthquakes, that do not break through the entire fault asperity, and some slow-slip
events to grow into full ruptures spanning the entire fault width. We also analyzed the
evolution of on-fault shear stress with time in the presence of different types of stress het-
erogeneities, stemming from fault damage zones, precursory velocity changes, and apriori
self-similar normal stress. Each of these sources of stress heterogeneities contribute to
the evolution of heterogeneous shear stress along different regions of the fault zone, and a
combination of them amplifies the shear stress heterogeneity.

Future research direction would include developing a unified computational framework
to model earthquake cycles in both two and three dimensions, and reconcile them with ob-
servational data, e.g., creating synthetic seismograms along the azimuth of fault zones. Ad-
ditionally, various multiphysical aspects of fault systems have been simplified in our models
to an elastic approximation. Incorporation of inelastic behavior in the fault zone promotes
the accumulation some permanent deformation throughout the fault zone evolution. Such
deformation may lead to a complex feedback between the evolving fault zone medium and
seismic events, generating unique off-fault rupture patterns (7homas and Bhat, 2018) and
self-consistent healing and damage accumulation. In our simulations, these mechanisms
will likely affect the generation of slow-slip events during the aseismic phase and modulate
the shear stress evolution throughout the seismic cycle. Despite these approximations, the

earthquake cycle models presented in this thesis can provide a more realistic description
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of the physics and statistics of earthquakes in mature strike-slip fault systems, and can be
theoretically extended to certain dip-slip systems as well. The past few decades have seen
an exponential growth in earthquake physics research, and the coming decades promise us
with a lot more computational power and data, therefore now is a good time to delve into

understanding earthquakes.
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