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Seismic cycles emerge in a broad range of rupture styles, from slow-slip events to pulse-like earthquake
sequences. Meanwhile, large earthquakes in paleoseismic and instrumental catalogues exhibit various
recurrence patterns going from periodic to chaotic cycles with characteristic or dissimilar ruptures.
The potential connection between these observations is still poorly known. Here, we investigate the
link between rupture styles and recurrence patterns in quasi-dynamic models of seismicity in two-
dimensional faults embedded in a compliant zone, exploring a wide range of frictional and fault zone
properties. The recurrence patterns evolve from purely periodic to multiple-periodic time- and slip-
predictable cycles, to chaotic sequences of super-cycles with full and partial ruptures with an increasing
number of aftershocks. This transition is accompanied by changes of rupture styles from crack-like
to pulse-like ruptures. These behaviors can be obtained either by a more compliant fault zone or a
reduced characteristic weakening distance of friction. The effects of the compliant zone and other physical
characteristics can be conflated into a single non-dimensional number, such that seismic cycles with
similar behaviors can be obtained with or without a compliant fault zone in quasi-dynamic simulations.
The connection between recurrence patterns and rupture styles implies that the paleoseismic record can
bring useful constraints to rupture characteristics and fault zone properties.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

The seismic cycle is maintained by the large-scale motion of
tectonic plates that slowly reload faults after a rupture (Reid,
1910). The recurrence pattern of large earthquakes is controlled
by many factors, including the structural fabric (Wesnousky, 1988,
2006; Dolan et al., 2016), frictional properties (Leeman et al., 2016;
Veedu et al, 2020), and tectonic assembly (Gauriau and Dolan,
2021) of the host fault, modulated by static and remote trigger-
ing (King et al, 1994; Freed and Lin, 2001; Gomberg and John-
son, 2005). Earthquake sequences on a given fault segment some-
times approach the time-predictable and slip-predictable mod-
els based on a fixed yield strength or a coseismic basal fric-
tion, respectively (Bufe et al., 1977; Shimazaki and Nakata, 1980;
Youngs and Coppersmith, 1985). However, paleoseismic and in-
strumental records indicate considerable deviation from these end-
members (Weldon et al., 2004; Chen et al., 2020), highlighting the
inherent complexity of the faulting process.

The space-time recurrence pattern of earthquakes is docu-
mented at major plate boundaries worldwide along continental
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transform faults (Sieh and Jahns, 1984; Weldon et al., 2004; Rock-
well et al,, 2015; Scharer and Yule, 2020; Agnon, 2014; Marco and
Klinger, 2014; Ran et al,, 2019), continental collisions (Sapkota et
al., 2013; Bollinger et al., 2013), and subduction zones (Moernaut
et al, 2018; Sawai, 2020; Goldfinger et al, 2003; Nelson et al,,
2006; Patton et al., 2015; Rubin et al., 2017). The paleoseismic
record indicates substantial variations of the time intervals and the
spatial distributions of coseismic slip of consecutive events (Sieh,
1996; Sykes and Menke, 2006). Although some faults rupture fairly
regularly (Berryman et al., 2012) and others seem to produce char-
acteristic coseismic slip distributions (Klinger et al., 2011), a ma-
jority of faults exhibit more temporal clustering and more dissim-
ilar slip distributions. For example, seismic super-cycles showcase
smaller-magnitude earthquakes between much larger events (Sieh
et al., 2008; Goldfinger et al., 2013; Philibosian et al., 2017; Usami
et al.,, 2018; Nocquet et al., 2017; Philibosian and Meltzner, 2020;
Barbot, 2020).

While increasingly well documented, the physical mechanisms
underpinning the spatial and temporal variability of the seismic
cycle remain poorly understood, but there is more. Seismicity em-
bodies a wide range of rupture styles varying from slow-slip events
and tremors to slow earthquakes and fast ruptures (Peng and
Gomberg, 2010; Obara and Kato, 2016; Nishikawa et al., 2019).
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Large earthquakes exhibit much diversity, with unilateral and bi-
lateral rupture propagation (Ross et al., 2020), crack-like ruptures
and self-healing sustained, decaying, or growing pulses (Heaton,
1990; Wang and Day, 2017), and sub-Rayleigh and super-shear
ruptures (Dunham and Archuleta, 2004; Bao et al., 2019). Although
fundamentally linked by fault mechanics, the relation between re-
currence patterns and rupture styles is poorly understood. Here,
we use numerical simulations that consistently resolve all phases
of the seismic cycles in space and time to describe the possible
connection between rupture styles and recurrence histories assum-
ing a simple structural setting with a single fault embedded in a
compliant fault zone.

The control of frictional properties on the rupture style in a ho-
mogeneous medium is well documented (e.g., Lapusta and Rice,
2003; Wu and Chen, 2014; Kato, 2014; Veedu and Barbot, 2016;
Barbot, 2019b; Nie and Barbot, 2021), but the surrounding com-
pliant zone may have a strong influence on rupture propagation,
peak slip velocity, ground motion (Harris and Day, 1997; Duan,
2008; Huang and Ampuero, 2011), and on the emergence of pulse-
like ruptures (Kaneko et al., 2011; Abdelmeguid et al., 2019; Idini
and Ampuero, 2020; Thakur et al.,, 2020). Compliant zones de-
velop from the successive damage accumulation during seismic
ruptures that causes measurable elastic moduli reduction (Fialko
et al., 2002; Barbot et al.,, 2008, 2009). A combination of petro-
logic, seismological, and geodetic studies indicate a wide range
of compliance and fault zone thickness (e.g. Chester and Logan,
1986; Chester et al., 1993; Li et al., 1994; Vidale and Li, 2003;
McGuire and Ben-Zion, 2005; Chen and Freymueller, 2002; Fialko,
2004; Hamiel and Fialko, 2007b; Cochran et al., 2009; Shapiro et
al., 2005). The effect of a compliant fault zone within the quasi-
dynamic or quasi-static approximations has been documented for
one or more physical parameters within a limited range. The goal
of this study is to jointly explore the recurrence patterns, slip
distributions, and source characteristics of the ruptures that con-
sistently unfold for a wider range of attributes of the compliant
zone and frictional properties of the fault interface.

The content of this manuscript is arranged as follows. In Sec-
tion 2, we describe the physical assumptions and the numeri-
cal model setup. In Section 3, we characterize the rupture styles,
from creep and slow-slip events to complex pulse-like rupture
sequences, and their associated recurrence patterns in the para-
metric space of the characteristic weakening distance and the
fault zone rigidity. In Section 4, we explore the effect of the fault
zone properties on rupture cycles. Our simulations indicate a wide
range of recurrence patterns, from single- to multiple-periodic,
to apparently chaotic, culminating with mainshock-aftershock se-
quences, with ruptures going from characteristic to more dissimi-
lar. These variations seem to go hand in hand with specific rupture
styles, from crack-like to pulse-like ruptures, associated with a
specific range of structural and frictional properties that can be
described by a single non-dimensional parameter representative of
the velocity-weakening region and its surrounding compliant zone.

2. Physical assumptions and methods

Our goal is to determine the possible relationship between
the style and recurrence pattern of ruptures that emerge spon-
taneously in seismic cycles under the rate- and state-dependent
frictional framework (Dieterich, 1979; Ruina, 1983; Rice and Ru-
ina, 1983). We consider a simplified mechanical system consisting
of a single fault embedded in a compliant zone as a numerical
analog for the seismogenic zone. We ignore the viscoplastic de-
formation of the compliant zone (Mia et al., 2022; Erickson et al.,
2017) and the resulting incremental damage accumulation during
each seismic rupture (Lyakhovsky et al., 2001). We assume that
the evolution of fault slip is controlled by the frictional resistance
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along the fault plane and that all aspects of fault dynamics are de-
termined by the combination of frictional, physical, and structural
properties of the system. We consider a two-dimensional approxi-
mation in condition of anti-plane strain relevant to long strike-slip
faults. While the two-dimensional approximation is sufficient to
capture many ruptures styles and recurrence patterns, some im-
portant end-members, such as period-multiplying cycles of both
slow and fast ruptures, only occur in three-dimensional models.
For example, successive slow and fast rupture cycles emerge near
the stability transition in finite faults due to coexisting mode II
and mode III ruptures, which have slightly differing stability condi-
tions (Veedu and Barbot, 2016; Barbot, 2019b; Veedu et al., 2020).
We use the multiplicative form of the rate- and state-dependent
friction law without thermal effects. The friction law can be de-
rived from first principles assuming that the real area of contact
density formed at contact junctions follows (Barbot, 2019a)

b
S = oo (%) o )
X L

where g is the reference friction coefficient at reference sliding
velocity Vg, o is the effective normal stress including the Terzaghi
pore-pressure effect, and x is the indentation hardness of the sur-
face. In addition to a linear dependence on effective normal stress,
the real area of contact density is modulated by a state variable 6
representing the age of contact with the reference age L/V( and
the power exponent b « 1, allowing contact growth during locked
periods and contact erosion at finite sliding velocity. In isothermal
condition, the sliding velocity follows the power-law constitutive
relationship (Barbot, 2019a)

Ho
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where V is the local sliding velocity, the product x.A represents
a time- and state-dependent yield strength, and a « 1 is a power
exponent. Inverting the relationship, we obtain the multiplicative
form of rate- and state-dependent friction
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independent of the indentation hardness of the material, explain-
ing why hard and soft rocks have the same coefficient of fric-
tion (Byerlee, 1978). As the logarithmic form of rate- and state-
friction represents the linear terms of the Taylor series expansion
of the multiplicative form, similar behaviors are expected under
common conditions. However, the multiplicative form supersedes
the logarithmic form for vanishing velocity and truly stationary
contact. Further, we assume that contact aging and erosion follow
the aging law in isothermal conditions (Ruina, 1983)
. Vo
=1 T (4)
allowing healing at truly stationary contact. The aging law captures
the time-dependent flattening and rejuvenation of contact junc-
tions that form the real area of contact at the fault interface with
the characteristic slip distance L. The fault is situated along the
center of a compliant zone with a uniform thickness T and rigid-
ity G.;, potentially differing from the country rocks with rigidity
G in the surrounding two half-spaces. The resulting computational
domain is a full space — without a free surface — centered on the
compliant fault zone (Fig. 1).

To investigate a wide range of fault zone and frictional prop-
erties efficiently, we use the spectral boundary-integral method.
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Fig. 1. Schematic representation of the simplified compliant fault zone model. The
rigidity of the bedrock and the fault zone are G and G, respectively. The fault zone
thickness is T. The central unstable patch of width W is surrounded by a velocity-
strengthening fault.

We simulate quasi-dynamic seismic cycles within a whole space
with the radiation damping approximation. The Green’s functions
of stress interactions are derived in the frequency domain and the
numerical efficiency is obtained with the fast Fourier transform,
fifth-order accurate adaptive time steps, and shared memory paral-
lelism (Barbot, 2021). To incorporate the compliant zone surround-
ing the fault, we use the corresponding stress interaction kernel,
which has a closed-form expression in the Fourier domain (Idini
and Ampuero, 2020). For all the models considered, the effec-
tive normal traction is ¢ = 100 MPa, the reference coefficient is
1o = 0.6, and the reference velocity is Vo = 10~% m/s. The power
exponent for the velocity dependence is uniform along the fault
with a = 10~2. The long-term loading rate that drives the seis-
mic cycle is Vi = 10~2m/s or about 32mm/yr. To represent the
seismogenic zone, we consider a single velocity-weakening area
surrounded by a velocity-strengthening region. The fault extends
from -8.2 to 8.2km and the velocity-weakening region spreads
from -2.5 to 2.5km from the origin at the center of the com-
putational domain. The power exponent for the state-dependence
is piece-wise homogeneous, with b = 1.4 x 1072 in the central
velocity-weakening area and b = 0.6 x 10~2 in the surrounding re-
gion. We consider the quasi-static process zone Ag at the rupture
speed 0", which describes the area near the rupture front during
the breakdown of the fault resistance, as the critical length scale
in the system (Day et al., 2005)

GeL
Ao =St (5)
bo

The finest models hold 21> surface elements of 50 cm width. For all
the models presented herein, the grids are finer than Ag/4, which
we found sufficient to attain numerical convergence.

Within our physical assumptions, the rupture style and recur-
rence pattern are controlled by a small set of independent non-
dimensional parameters (Appendix A). The Dieterich-Ruina-Rice
number
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w
" h*
corresponds to the ratio of the asperity size W to a characteris-

tic nucleation size h* that depends on the rigidity structure and
controls the dynamics of ruptures. The R, number

b—a
b

controls the state evolutionary effects and the emergence of com-
plex slow-slip events. The range of rupture styles that sponta-
neously emerge as a function of these parameters in a homo-
geneous crust is well understood (Wu and Chen, 2014; Barbot,
2019b; Nie and Barbot, 2021). However, the presence of a com-
pliant zone introduces two other non-dimensional parameters,
namely the ratio of country-rock to fault zone rigidity G/G., and
the width of the compliant zone relative to the seismogenic zone
T/W. A key question that has long animated the community is
whether a compliant zone generates unique rupture styles and re-
currence patterns that cannot take place in the simpler structural
setting of a homogeneous medium (Huang and Ampuero, 2011;
Huang et al., 2014; Pelties et al., 2015; Huang, 2018; Abdelmeguid
et al., 2019; Idini and Ampuero, 2020; Thakur et al., 2020). To ad-
dress this question for quasi-dynamic seismic cycles simulations,
we explore a range of characteristic weakening distance, compli-
ance ratio, and fault zone thickness compatible with laboratory and
field observations of fault zones.

Ry (6)

Ry =

(7)

3. Rupture styles and recurrence patterns

We examine the rupture styles and recurrence patterns that
spontaneously evolve in numerical models of the seismic cycle un-
der the rate- and state-dependent friction framework in the pres-
ence of a pre-existing compliant zone. We explore a wide range
of characteristic weakening distance from 0.5 to 125mm cover-
ing representative values inferred from the laboratory (Marone and
Kilgore, 1993; Mei et al., 2021, 2022) and geophysical observa-
tions (Ellsworth and Beroza, 1995; Fukuyama and Mikumo, 2007)
within the practical constraints of numerical calculations. Varying
the characteristic weakening distance is an efficient way to control
the rupture styles, from slow-slip events to fast earthquakes. We
consider a fixed ratio of power exponents a and b because varying
the R, number is only critical to control the seismogenic poten-
tial of slow-slip events (Nie and Barbot, 2021), which is not the
focus of the current study. Additionally, we explore a wide range
of compliance levels from homogeneous with the country rocks to
a factor of five of rigidity reduction within the fault zone, compat-
ible with seismo-geodetic observations for various faults (Fialko et
al.,, 2002; Hamiel and Fialko, 2007a; Barbot et al., 2009; Cochran
et al,, 2009). In a preliminary step, we consider a fixed compliant
zone thickness of 2km. This forms a wide two-dimensional pa-
rameter space documenting the effects of frictional and structural
properties of fault zones. We explore the effect of the thickness of
compliant zones in the next section. We sample the characteristic
weakening distance with 25 values nearly uniformly distributed in
logarithmic space. For each case, we explore 21 compliance levels,
uniformly distributed between G/G.; =1 to 5. The resulting 525
simulations document the evolution of possible rupture style and
recurrence patterns in the two-dimensional space of structural and
frictional parameters. The simulations run for up to 107 iterations,
but the simulated time varies from less than a year to thousands
of years, depending on the parameters.

The simulations feature seismic cycles with distinct rupture
styles including steady sliding, waves of partial coupling, periodic
slow-slip events, bilateral and unilateral ruptures, crack-like rup-
tures with aftershock and foreshock sequences, and chaotic cycles
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Fig. 2. Seismic cycle simulations under variable characteristic weakening distance and fault zone compliance level. a) Sub-domains for creep, slow slip, bilateral and unilateral
periodic ruptures, crack-like ruptures and pulse-like ruptures. Contours are the R, numbers of the models. The symbols represent the rupture styles of the models used to
produce this phase diagram. The background color indicates the peak slip velocity and the shading represents the crack-like to pulse-like rupture transition. b to i) Examples
of different rupture styles, represented by the slip velocity. The x- and y-axes represent down-dip distance on the fault and time steps, respectively. The area between dash
lines is the velocity-weakening domain. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

of pulse-like ruptures (Figs. 2 and S1). Each style of seismic cy-
cle occurs within a well delineated range of compliance level and
characteristic weakening distance. The transition from any rupture
style to another can be obtained by varying either the character-
istic weakening distance or the compliance level. At first order,
the domain boundaries of all distinct rupture styles can be pre-
dicted by contours of constant Dieterich-Ruina-Rice number if the
characteristic nucleation size incorporates the effect of elastic lay-
ering. As the effective rigidity near the fault zone depends on the
wavelength of fault slip, the estimate of nucleation size solves the
transcendental equation (Appendix B) (Kaneko et al., 2011; Idini
and Ampuero, 2020)

_ GCZ L
T - W’

where the coefficient A = 7 /4 is introduced for the anti-plane
setting (Kaneko et al., 2011) and to fit the observed boundaries
of rupture styles in our simulations. The solution to Equation (8)
provides a smooth transition between the two end-member cases
whereby either the fault zone or country rock rigidity fully con-
trols the elastic interactions, in which case the domain is effec-
tively homogeneous. The transitions from creep to waves of partial

1 T G
R—tanh[AWRu +arctanh%] (8)

u

coupling, to slow-slip events, to bilateral ruptures and unilateral
ruptures, to crack-like and pulse-like ruptures with aftershock se-
quences occur at R, =2, 3, 7, 18, 56, and 88, respectively. In all
of our simulations, we do not observe any rupture style or recur-
rence pattern with a compliant zone that does not also emerge in
a homogeneous medium with a smaller characteristic weakening
distance.

The exploration of a vast parameter space shows that the tran-
sition from crack-like to pulse-like rupture propagation is pro-
moted by increasingly compliant fault zones, consistent with pre-
vious findings (Huang and Ampuero, 2011; Pelties et al,, 2015),
but also by a smaller characteristic weakening distance (Fig. 3).
We examine every rupture in the simulations to determine the
rupture style, looking to identify growing, steady, and decaying
pulse-like, as well as crack-like rupture propagation by visual in-
spection. Additionally, we calculate the ratio of fast rupture area
(velocity larger than 10~2 m/s) over the total rupture area in space
and time as a proxy of pulse-like or crack-like modes. The av-
erage among all events is used as a representative value for the
phase diagram in Fig. 3a. For a relatively large characteristic weak-
ening distance or a mild rigidity contrast, the ruptures propagate
like cracks, e.g., the case in Fig. 3b for L =2mm and G/G.; = 2.
The rupture stops when it reaches the velocity-strengthening area
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Fig. 3. Crack-like to pulse-like rupture transitions under variable characteristic weakening distance and compliance level of the fault zone. a) The proportion of crack-like
versus pulse-like rupture style. Contours are for constant R, numbers. b) A typical crack-like rupture propagation for a simulation with G/G.; =2 and L = 2. The upper
panel is the slip velocity versus time steps; the middle panel shows the rupture history with 1-second interval contour; the lower panel is the source time function with the
sampling locations shown as the blue line in upper panel, close to the hypocenter. c) and d) pulse-like rupture models differing from b) by increasing the compliance level

or reducing the characteristic weakening distance, respectively.

and the rise time is commensurate with the rupture time. The
simulated events with either a lower fault zone rigidity, e.g., the
case in Fig. 3¢ for L =2 mm and G/G; = 5, or shorter character-
istic slip weakening distance, e.g., case in Fig. 3d with L = 0.5 mm
and G/G; = 2, tend to propagate like a pulse albeit with multiple
sub-events and back-propagating rupture fronts. The source-time
functions include several peaks, leading to a less reliable rise-time
determination. Despite the crack-like back-propagation at the end
of the rupture, a rise time of about 20% of the rupture duration for
a point located near the hypocenter makes it a firmly pulse-like
rupture. Among all the simulations considered, some ruptures ex-
hibit steady pulse-like propagation, e.g., Fig. 3c. Other simulations
produce decaying pulses, e.g., Fig. 3d, but we could not identify any
growing pulses. The transition from crack-like to pulse-like rup-
tures occurs gradually for R, numbers between about 85 and 100.

The sequences with distinct rupture styles show different tem-
poral and spatial recurrence patterns (Fig. 4 and 5). Following a
common practice in paleoseismic studies, we describe the variabil-
ity of temporal recurrence patterns with the coefficient of variation
(CoV), i.e., the standard deviation divided by the average recur-
rence time. We use the proportion of the number of full ruptures
over total number of events to describe the spatial recurrence
behavior. The bilateral-rupture family exhibits periodic sequences

with minimum coefficient of variation (Fig. 4b) and purely char-
acteristic ruptures (Fig. 5b). The cycle of unilateral full and partial
ruptures showcase another periodic recurrence pattern including
two major and two minor events within one cycle (Fig. 4c and
Fig. 5c), which we refer to as periodic-n sequences, here with
n = 4. Both periodic and periodic-4 sequences are considered time-
and slip-predictable based on their slip deficit evolution (right pan-
els of Fig. 4b and 4c). The recurrence pattern becomes less regular
for larger R, number for which aftershock sequences occur (pan-
els d and e in Fig. 4 and 5). The crack-like sequences can still be
considered quasi-periodic, having a CoV less than 1 and 75% of
the earthquakes rupturing a similar area. For even larger R, num-
bers, the pulse-like ruptures occur more randomly, associated with
a high CoV and less characteristic ruptures. The complex recur-
rence patterns of the cycles at high R, number are manifested by
their slip-deficit history that falls neither in the slip-predictable
nor time-predictable end-members (right panels of Fig. 4d and e),
and the cycle of pulse-like ruptures exhibiting apparently larger
deviations. For R, > 125, the period separating consecutive full
ruptures is a super-cycle that includes multiple smaller ruptures.
The CoV cannot be used to differentiate all the cases in our simu-
lations. For instance, the periodic-n cycles display a high CoV and
low proportion of full-ruptures (Figs. 4a and 5a) because the large
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Fig. 4. The relationship between rupture styles and temporal recurrence patterns. a) Phase diagram of coefficient of variation (CoV, standard deviation divided by mean of
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the slip- and time- predictable models, respectively.

earthquakes are systematically followed by two partial ruptures,
reducing the mean and enlarging the standard deviation of the re-
currence intervals. The pulse-like sequences at high R, numbers
have variable CoV and proportion of full ruptures, primarily due
to fewer simulated events in each simulation due to numerical
limitation, but the recurrence behavior of these models is visibly
complicated.

As the cycles increase in complexity with a transition from
crack-like to pulse-like ruptures with a lower proportion of full
ruptures, aftershocks also appear at higher R, numbers (Fig. 6).
For this analysis, an aftershock is defined as an earthquake that
happens during the postseismic phase of a mainshock, character-
ized by fast afterslip in the velocity-strengthening region. In our
simulations, we define a mainshock as an event that ruptures
more than half of the velocity-weakening patch. We determine
the end of a postseismic period when the peak slip rate drops
below a threshold of twice the background loading rate or an-
other mainshock occurs. The number of aftershocks increases for
more compliant fault zones and for smaller characteristic weaken-
ing distance, which can be captured by boundaries of constant R,
numbers. The aftershocks start to occur for R, > 30, but only one
aftershock occurs per rupture tip for 30 < R, < 150 (Fig. 6¢ and d).
For the models with R, between 150 to 400, 2 aftershocks occur

for each rupture tip, resulting in an average amount of 4 after-
shocks per mainshock (Fig. 6e and f). The number of aftershocks
can be more than 10 for extremely large R, cases, which occurs
during nested aftershock sequences — when large aftershocks trig-
ger their own aftershock sequence. We use the sequences with
at least two aftershocks at each rupture tip to analyze the time-
dependent seismicity rate, and we treat the aftershocks at the top
and bottom of the seismogenic zone separately (Fig. 6i). The seis-
micity rate is calculated as the reciprocal of the time gap between
two subsequent aftershocks. The seismicity rate decays following
approximately t—! with some scatter associated with nested after-
shock sequences.

The rate of natural aftershocks follows the Omori-Utsu law
(Omori, 1894; Utsu, 1961)

K
(c+t)P

where K, c and p are site-dependent constants and t is the time
since the mainshock. Our aftershock dataset can be explained by
N(t) = 1/t, which conforms to the Omori law with K =1, p=1
and ¢ = 0. In our models, the aftershocks occur in the velocity-
weakening region as a result of a temporary acceleration of the
local loading rate that accompanies afterslip in the nearby velocity-

N(@t) = 9)

)
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for this analysis.

strengthening region. As afterslip decays as 1/t (Montési, 2004), it
drives the aftershock sequence with a similar decay rate (Perfet-
tini and Avouac, 2004). The value of p and c¢ of our models is in
the observational range. However, the productivity parameter K is
much smaller than in nature due to the limited structural and rhe-
ological complexity in the model.

Our findings suggest that the spatial and temporal recurrence
behaviors are controlled by the R, number of the fault zone. At
high R, number, the characteristic nucleation size is small enough
that partial ruptures develop near the boundaries of the velocity-
weakening region, where the loading rate is higher. These partial
ruptures delay the wall-to-wall ruptures and leave behind stress
concentrations within the velocity-weakening region that affects
the rupture propagation of subsequent events. These two effects
contribute to the breakdown of the time-predicable model. Fur-
thermore, partial ruptures produce different slip from the full rup-
tures despite a similar stress drop, due to the variation of the
rupture length. This effect breaks down the slip-predictable model.
As a result, the seismic cycle at high Ru number follows neither
the time- nor the slip-predictable models. Our results also suggest
that the change of recurrence behavior is deeply linked to asso-
ciated changes in rupture styles. Models with high R, numbers
tend to feature complex recurrence patterns in time and space,
manifesting as pulse-like events with random recurrence patterns,
culminating in mainshock-aftershock sequences. In contrast, the
low R, cases are relatively simple, with crack-like ruptures and
more periodically occurring large events.

4. The effect of compliant fault zones

In this study, we explore the frictional and compliant zone
properties to disentangle their respective effects. The Dieterich-
Ruina-Rice number provides a good estimate of the boundaries
of the parameter domains producing similar rupture styles. This
is highlighted by laying out the rupture characteristics found in
the previous section (Fig. 2) based on the corresponding R, num-
ber instead of the physical units used. With a few exceptions, the
rupture styles are associated with a clear range of R, numbers
(Fig. 7a). In order to draw a more complete picture of the impact
of fault zone structure on seismic cycles, we explore additional
models with a compliant zone thickness ranging from 20 meters
to 200 kilometers with the characteristic weakening distance rang-
ing from 0.6 mm to 63mm, and the fault zone rigidity contrast
also increasing from 1.2 to 4.6 (Fig. S2). Without exception, the
boundaries between different rupture styles still occur at fixed Ry
number (Fig. 7b).

For the purpose of predicting rupture styles and recurrence
patterns, the parameter space can be reduced from the three-
dimensional parameter volume of L, G, and T to a one-
dimensional line of varying R, numbers. This is further confirmed
by comparing simulations for varying compliance, thickness, and
characteristic weakening distance with a similar R, number for
the cases of R, =5.33, 11, 28.5, 98 (Fig. 8). The sequences with
similar R, show a similar behavior. The simulations for varied
fault zone thickness combined with insights from the definition of
Equation (8) of the R, number indicate that the effect of a finite
fault zone thickness is of consequence only within a narrow range
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(Fig. 8). A fault zone thickness T > 2h*, with h* = W /Ry, is large
enough to form an effectively uniform domain and its rigidity con-
trols the characteristic nucleation size. Similarly, if the thickness is
smaller than this threshold by an order of magnitude or more, the
fault dynamics is controlled by the rigidity of the country rocks.

The rupture behaviors documented in previous studies can be
obtained for various combinations of frictional and structural pa-
rameters or any change of R, number (Figs. 2 and 7). For example,
for the large characteristic weakening distance regime of L =5cm,
increasing the compliance level brings the behavior from creep,
to slow-slip events, and ultimately to earthquakes, thus increas-
ing the peak slip velocity significantly. In a moderate characteristic
weakening distance regime, such as for L = 16 mm, the ruptures
transition from bilateral to unilateral, resulting in the alternation
of hypocenter locations. The cases with small characteristic weak-
ening distance, e.g., L = 1 mm, show a transition from crack-like
to pulse-like rupture propagation, with the apparition of back-
propagating rupture sub-fronts. At first order, these phenomena
are mainly associated with varying the R, number, and can be
achieved by either modifying the characteristic weakening distance
or other fault zone properties.

5. Discussion

In this study, we describe the quasi-dynamics of a two-
dimensional planar fault embedded in a compliant zone. The

numerical simulations document the link between the rupture
styles and the recurrence patterns of major earthquakes. The rup-
ture styles range from slow-slip events, waves of partial coupling,
unilateral and bilateral ruptures, full and partial ruptures, culmi-
nating with mainshock-aftershock sequences with either crack-like
or pulse-like rupture propagation. The recurrence patterns for bi-
lateral and unilateral ruptures follow the slip- and time-predictable
models. For increasingly unstable faults, as the sequence changes
from strictly periodic to multiple periodic, i.e.,, a repeating se-
quence that involves multiple events, aftershocks emerge. In the
parameter regime that produces more pulse-like ruptures and
an increasing amount of aftershocks, the slip evolution deviates
wildly from the slip- or time-predictable models. The variability of
recurrence time is fundamentally linked to the emergence of par-
tial ruptures. The models with the most unstable faults produce
coefficients of variation greater than unity, a telltale sign of deter-
ministic chaos.

The strong relationship between rupture style and recurrence
patterns may shed new light on paleoseismic records. For exam-
ple, the occurrence of characteristic ruptures at the Fuyun Fault in
China (Klinger et al., 2011) suggests a large characteristic nucle-
ation size, which is associated with crack-like rupture propagation
in our models. The otherwise scarcity of characteristic ruptures
implies that most active faults have a small characteristic nucle-
ation size compared to their seismogenic length, which also im-
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plies recurrence patterns that tend to deviate from slip- and time-
predictable models. A well-documented example is at Wrightwood,
California (Weldon et al., 2004), where the evolution of fault slip
shows a substantial deviation from the time- and slip-predictable
models, compatible with a parameter regime leading to a high
Dieterich-Ruina-Rice number. This implies that the Mojave sec-
tion of the San Andreas Fault is greatly unstable, its along-strike
length being much greater than the characteristic nucleation size
of earthquakes. This can be accomplished by a substantial reduc-
tion of rigidity in the surrounding compliant zone and/or a small
characteristic weakening distance. Even though our geometrically
simple model can produce complex recurrence patterns that de-
viate from time- and slip-predictable behavior, other aspects may
also contribute in nature, such as geometrical and frictional het-
erogeneity.

The chaotic sequence of full and partial ruptures may explain
the so-called seismic super-cycles observed at the Sumatra (Sieh et
al., 2008; Philibosian et al., 2017; Philibosian and Meltzner, 2020),
Northeast Japan (Usami et al., 2018), Ecuador (Nocquet et al., 2017)
and Cascadia (Goldfinger et al., 2013) subduction zones. The model
implies a strong deviation from the time- and slip-predictable
models during super-cycles, as observed (Sieh et al.,, 2008), pre-
sumably caused by numerous smaller ruptures, aftershocks and
creep within the velocity-weakening region that redistribute stress
and yet cannot be detected in the geologic record. The succes-
sion of several partial ruptures before a through-going rupture is
a hallmark of super-cycles, explaining why the short paleoseismic
records at the Japan trench was insufficient to herald an imminent
giant earthquake (Barbot, 2020). This behavior is, in fact, the nat-
ural response of even a simple model with only a single unstable

patch. As seismic super-cycles seem common at subduction zones,
it implies that subduction megathrusts have a small characteristic
nucleation size compared to the down-dip width of the seismo-
genic zone.

Understanding the rupture propagation style of earthquakes has
important implications on the radiated energy and ground mo-
tion (Lambert et al, 2021). Some finite-fault inversions suggest
that large earthquakes are preferentially pulse-like (Heaton, 1990).
Several mechanics have been proposed to explain pulse-like rup-
tures, such as strong weakening during flash heating and thermal
pressurization (Wang and Day, 2017; Lambert et al., 2021), hetero-
geneity of stress (Beroza and Mikumo, 1996), and specific geome-
try of the seismogenic zone (Day, 1982; Wang et al., 2019). Our re-
sults corroborate others based on a quasi-dynamic approach (Bar-
bot, 2019b; Idini and Ampuero, 2020) and suggest that a large R,
number, whether due to the presence of a compliant fault zone or
any other relevant physical characteristics, can also yield pulse-like
ruptures. In this parameter regime, stress heterogeneities sponta-
neously develop as multiple partial ruptures leave behind residual
stress concentration at the rupture tip. This heterogeneous initial
stress at the onset of ruptures creates the condition for a pulse-like
rupture propagation. In our models, pulse-like ruptures occur in
the regime that also produces complex recurrence patterns, non-
characteristic slip distributions, and substantial deviation from the
time- and slip-predictable models.

Our results also help characterize a physical range for the coeffi-
cient of variation in paleoseismic records. For example, the longest
continuous record of paleo-earthquakes at Hokuri Creek in the
Alpine Fault, New Zealand (Berryman et al., 2012) shows remark-
able consistency, with a coefficient of variation of approximately



S. Nie and S. Barbot

Earth and Planetary Science Letters 591 (2022) 117593

50 R. =5.33
A 30— |\ \ 30 —]
1 %
= 2 }
G40+—L=25mm— Fso— 25 —
S | w\ 2
| S S N 40
23,04 IS o
g | T\ 16
g % oy T30 —
§2.04 ) ~S——— 25— o124
o | 20‘:——0— 20 — ol 10
13 TP i1 8
1.0 = ———r——
102 10 10¢ o 4
Fault zone thickness (m) Fault zone thickness (m)
R.5_I R.5_II R,_III R,11_1 R,11_2 R,11_3

5.0
— ® S q 8
4.0 o
S | 2511 o5 |
R . =
830 ° L=2 2
2304 : =2mm —
§ S \:M?[IG —_— |
(] 7 ' III
5 \ 4 \¥ 5 15 12
2.04 i —
§ 0 . ~__, 1.3 1.3
1 ; 1 1
S~ 3% 0. 0.8 0.8—
1.0+ T T T
102 3 4
Fault zone thickness (m) Fault zone thickness (m)
R,28 I R,28 _II R.28 III R,98_I R,98_II R,98_III

1
s

A

Fig. 8. Equivalent sets of fault zone thickness, compliance, and characteristic weakening distance for the same R, number. a) to d) Relationship among fault zone thickness,
compliance, and characteristic weakening distance for R, =5.33, 11, 28.5 and 98, respectively. The contours are the required characteristic weakening distance, in units of
millimeters. The red dash lines indicate the thickness T = 2h*. For each R, number, the rupture history of three models with different physical units is plotted below each
phase diagram. The x- and y-axes of the color plots are time steps and distance, respectively. The white text represents their actual R, number.

0.37. Our models for a wide range of parameters produce coeffi-
cients of variation between zero for strictly periodic earthquakes
and above 1 for multi-periodic cycles and random sequences. In
this context, the variation of recurrence times at Hokuri Creek is
notable, compatible with a parameter regime that exhibits large
deviations from time- and slip-predictable recurrence patterns. In
turn, such paleo-seismic record can place constraints on the fric-
tional regime of the fault. Although Hokuri Creek is situated in a
relatively isolated mature fault of South Island, New Zealand, the
recurrence pattern in other tectonic contexts may be strongly in-
fluenced by step-overs, neighboring faults, and interactions with
the ductile layers. More complex frictional behavior may also con-
tribute to more variable recurrence patterns, including strong-
weakening mechanisms during seismic ruptures, and long-term
evolution of the fault zone associated with damage evolution, cat-
aclasis, and metamorphism. Simultaneously, the paleo-seismic ob-
servations have uncertainties and limitations, making detailed ex-
planations of long-term seismic behavior exceptionally challenging.

Our study shows that the effect of a compliant fault zone on the
style of ruptures and recurrence patterns in quasi-dynamic seis-
mic cycles can be approximated by a homogeneous model with
physical properties leading to the same R, number. In contrast,
incorporating a compliant zone in fully dynamic simulations leads
to a perturbation of the seismic cycle with increasing variability of
the hypocenter location (e.g., Huang and Ampuero, 2011; Huang

10

et al,, 2014; Thakur et al., 2020). This difference occurs because
radiation damping does not capture all the wave-mediated stress
transfer. Fault zones create several seismic phases such as trapped
waves and head waves (McGuire and Ben-Zion, 2005; Lewis and
Ben-Zion, 2010) interacting with the rupture during the coseis-
mic period. Previous studies did not show evidence that trapped
and head waves affect the rupture styles or earthquake statistics
drastically. However, these studies have been limited to low R,
numbers. The development of off-fault plasticity also affects earth-
quake recurrence as inelastic deformation dissipates the energy
and redistributes the stress field, resulting in more partial ruptures
and temporal clustering of earthquakes (Mia et al., 2022).

6. Conclusion

We show that the mechanics of faulting implies a strong re-
lationship between the rupture style and recurrence patterns of
earthquakes. Fault dynamics depends on the parameter regime,
which is determined by the physical properties of the fault zone
in and around the seismogenic zone. The presence of a compliant
zone reduces the characteristic nucleation size of the seismogenic
zone, making it more unstable. However, a similar effect can be ob-
tained in a number of ways in a homogeneous medium, by reduc-
ing the characteristic weakening distance of friction, or increasing
the effective normal stress. Importantly, there is no particular style
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of rupture or recurrence pattern that emerges within a compliant
zone that is not also found in a homogeneous elastic medium in
our models. Nevertheless, considerable complexity can be found
in various parameter regimes linked to specific rupture styles and
recurrence patterns. For example, in our models, pulse-like rup-
ture propagation is always associated with large deviations from
the time- and slip-predictable models, with partial ruptures of the
seismogenic zones, and with the emergence of aftershocks. Earth-
quake sequences that appear quasi-periodic in the paleo-seismic
record are compatible with seismic cycles with full and partial
ruptures of the seismogenic zone with crack-like or pulse-like rup-
tures. We conclude that long-term paleo-seismic records inform
earthquake physics beyond seismic hazards and fault activity, also
providing fundamental constraints into the fault properties and the
frictional regime.
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Appendix A. Governing equations and non-dimensional
parameters

The equations that govern the quasi-dynamic evolution of slip
on the fault come about from the balance between shear stress and
frictional resistance. The stress evolution satisfies the constitutive
relationship of Equation (3), providing

b 6
Ho 0’
where the terms are defined in the main text. The elastic interac-
tions must conserve momentum, leading to
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where V| is the loading rate. For convenience, we operate the
change of variable 2 = V6/L, so that the stress evolution satis-
fies
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making the steady-state velocity dependence on a — b appearing
clearly. This gives rise to the governing equation
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where * is the convolution operator, coupled to the evolution law

Vv
Vv
The stress interaction kernel K(xs,y3) describes the shear stress
on the fault plane at depth x3 due to a line dislocation at depth
y3 in the presence of a compliant fault zone of total thickness T
and rigidity G, surrounded by country rocks of rigidity G, and is
given in conditions of anti-plane strain by the infinite series
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The non-dimensional parameters that control the rupture style
emerge from a dimensional analysis of the governing equations
(A4) to (A6). We scale the coordinate system by the width of the
seismogenic zone and the time scale with the characteristic time
of weakening, giving rise to

x3=Wxj;  y3=Wyj
oy, O _Wd (A7)
M T T

The stress kernel has dimensions scaling with rigidity over square-
meters, so we define the dimensionless stress kernel as

(A8)
where the minus sign indicates that fault slip is associated with a

local reduction of stress. This leads to the following expression for
the dimensionless stress interaction kernel
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coupled to an evolution law that contains no physical parameters,

. %
Q:V’(l—Q)-{-WQ, (A11)
where the time derivative is with respect to non-dimensional time
t’. This derivation highlights the controlling non-dimensional pa-
rameters. The Dieterich-Ruina-Rice number for a homogeneous
medium is given by
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and controls the elastic interactions. The other non-dimensional
number

b—a

b
controls the degree of weakening. The threshold velocity for radi-
ation damping is given by

(b—a)o
— -

The non-dimensional parameters of Equations (A12)-(A14) appear
for a homogeneous elastic domain (Barbot, 2019b). The presence of
a compliant zone adds two more non-dimensional parameters: the
ratio of rigidity G/G.; and the aspect ratio T/W, both affecting
some aspects of the elastic interactions. This justifies our explo-
ration of these ratios in Figs. 2-8. As we show in the following
Appendix, the effect of the compliance ratio and the fault zone
thickness can be incorporated into a modified Dieterich-Ruina-Rice
number that accounts for the fault zone structure, reducing the
number of controlling variables accordingly.

Ry =

(A13)

Vih =V V], =2V, (A14)

Appendix B. Dieterich-Ruina-Rice number for a compliant fault
zone

We seek a representation of the Dieterich-Ruina-Rice number
that incorporates the effect of the fault zone structure. As the
compliant zone thickness and rigidity intervene in the elastic in-
teractions through a convolution, it is useful to consider the corre-
sponding term in the Fourier domain. Using the convolution the-
orem of the Fourier transform, the stress evolution in the Fourier
domain is given by

1%
2V’
where a hat represents the Fourier transform of the respective
field. The stress interaction kernel has the closed-form solu-
tion (Idini and Ampuero, 2020)

F=KW -V —Ge (A15)

N G

K (k3) = —G,wks3 coth [n Tks + arctanh%] (A16)
for a compliant zone of total thickness T and rigidity G., sur-
rounded by country rocks of rigidity G, where k3 is the wavenum-
ber associated with the vertical axis. Comparing with the analytic
solution for the case of a homogeneous medium

H(ks) = —Gmrks (A17)

underlines the wavelength dependence of the effective rigidity

G(k3) = G coth [n Tk3 + arctanh(GCZ/G)] , (A18)
such that K (k3) = —G(k3)7ks. The effective rigidity varies smooth-
ly between the rigidity of the compliant zone and that of the
country rocks

lim G=G

/(3—)0 (A]g)
lim G = Gez

k3— o0

as long-wavelength and short-wavelength asymptotic solutions, re-
spectively. The Dieterich-Ruina-Rice number is defined as the size
of the velocity-weakening region scaled by a characteristic nucle-
ation size as R, = W /h*. We then evaluate the effective rigidity at
the wavelength of nucleation (Kaneko et al., 2011)
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Finally, we redefine the Dieterich-Ruina-Rice number with the ef-
fective rigidity
W (b—a)o
Ry=——"7-7-1-—.
L G*
This provides the transcendental equation for the R, number used
in Equation (8)

(A21)
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which is affected by the compliance ratio and the relative thickness
of the compliant zone. To better explain our numerical findings
in Fig. 2, we substitute the constant 7 in Equation (A22) for a
parameter A = 7t /4 that better captures the observed nucleation
size of earthquake ruptures.

Appendix C. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2022.117593.
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