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Key Points:

e Sequence of earthquake and aseismic slip is simulated for a rate-and-state fault with off-
fault plasticity.

e Interaction between fault slip and off-fault plasticity leads to rupture arrest and spatio-
temporal clustering of seismicity.

e Plastic dissipation is a small fraction of the total energy budget but its impact is amplified
by its feedback on stress heterogeneity.
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Abstract

While significant progress has been made in understanding earthquake source processes in linear
elastic domains, the effect of more realistic rheologies including plasticity is poorly understood.
Here, we simulate sequence of earthquake and aseismic slip of a 2D antiplane rate-and-state fault
embedded in a full-space elastic-plastic bulk. We show that off-fault plasticity may lead to partial
ruptures as well as temporal clustering of seismic events. Furthermore, the interaction of fault slip
and off-fault plasticity results in pockets of slip deficit. While the energy dissipated through plastic
deformation remains a small fraction of the total energy budget, its impact on the source
characteristics is disproportionally large through the redistribution of stresses and viscous
relaxation. Our results suggest a new mechanism of dynamic heterogeneity in earthquake physics
that may have important implications on earthquake size distribution and energy budget.

Plain Language Summary

Earthquakes are among nature’s deadliest and costliest hazards. Physics-based simulations are
essential to complement the lack of data and elucidating the complex patterns of earthquakes. This
work discovers a new mechanism for regulating earthquake dynamics that emerges due to the
interaction between fault slip and fault zone plasticity. It enables transition from periodic events
to fully irregular sequences of earthquakes. The impact of plasticity on earthquake source
characteristics goes beyond its limited contribution to the overall energy budget. Plasticity plays a
crucial role in the redistribution of stresses which may inhibit earthquake growth and leads to
clustering of seismicity. This work highlights the need for characterizing the fault zone mechanical
response beyond their elastic properties to better inform seismic hazard models.

1. Introduction

Earthquakes are a prime example of a complex natural processes with far-from-equilibrium
strongly nonlinear dynamics, having substantial societal and economic relevance for large
populations worldwide. The lack of quantitative data on timescales capturing multiple large
earthquake cycles is a long-standing challenge (Scharer & Yule, 2020; Bemis et al., 2021).
Physics-based simulations provide a path to complement the lack of data and to elucidate multi-
scale dynamics and spatio-temporal patterns that extend the knowledge beyond sporadic case
studies and regional statistical laws (Barbot et al., 2012; Noda & Lapusta, 2013; Jiang & Lapusta,
2016).

Resolving wide range of spatio-temporal scales associated with earthquake nucleation,
propagation, and arrest is a major challenge in modeling earthquakes (Shaw & Rice, 2000). Spatial
scales may range from few milimeters of process zone near the rupture tip to several kilometers
of fault length (Rice 2006). Temporal scales range from years of aseismic slip associated with
tectonic loading to few seconds in co-seismic rapid rupture (Rice & Ben-Zion, 1996). Simulating
a single rupture may not be sufficient to get insights into the full history of fault slip as it involves
artificial nucleation and depends critically on the prescribed initial conditions (Ampureo & Ben-
Zion, 2008). Modeling Sequence of Earthquake and Aseismic Slip (SEAS) bridges the spatio-
temporal scales to illuminate pattern of earthquake cycles over long time as well as evolution of
fault slip both during seismic ruptures and inter-seismic intervals (Lapusta et al., 2000; Lapusta &
Liu, 2009; Abdelmeguid et al., 2019; Erickson et al., 2020; Jiang et al., 2021).

The majority of previous SEAS studies have been conducted either with fully elastic bulk or
limited to the quasi-dynamic approximation where inertia effects, crucial for the dynamic phase,
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are not fully considered but only approximated through radiation damping (Rice 1993). Earthquake
sequences for a planar fault with elastic bulk usually exhibit a periodic pattern (Lapusta et al.,
2000). A mixture of large and small events may arise on planar faults in purely elastic bulk given
sufficient quenched heterogeneity, e.g., variability in frictional properties (Lapusta & Rice, 2003;
Kaneko et al., 2010) or incorporation of a compliant fault zone relative to the host rock
(Abdelmeguid et al., 2019; Thakur et al. 2020) or if the fault is too long compared to the
characteristic frictional-elastic length scale (Cattania, 2019; Barbot, 2019). A few studies have
considered earthquake sequence simulations on non-planar faults (Dal Zilio et al., 2019;
Sathiakumar et al., 2020) where a fault bend results in aperiodic seismicity with partial rupture.
Cattania and Segall (2021) showed that within the quasidynamic approximation limit, non-planar
faults having long wavelength fractal roughness may generate foreschocks and microseismicity.
Tal et al. (2018) also studied the effect of fault roughness on earthquake nucleation using a fully
dynamic simulation but assuming the bulk remain linear elastic.

Only a handful of studies investigated the effect of bulk material response, beyond elasticity, on

sequence of earthquake and aseismic slip. These include quasi-dynamic cycle simulations with
bulk viscoelasticity (Allison & Dunham, 2018, 2021), and the extension to the fully dynamic cycle
simulation (Duru et al., 2019). Temperature dependent viscous flow has recently been considered
and is shown to reduce the creeping of the velocity strengthening portion of the fault (Allison &
Dunham, 2021). Using numerical simulations of single dynamic rupture events, it has long been
recognized that off-fault plasticity acts as an energy sink and influences the rupture characteristics
by reducing peak slip rate and limiting rupture speed (Templeton & Rice, 2008; Viesca et al., 2008;
Dunham et al. 2011a, 2011b; Gabriel et al. 2013). Also, field observations identifying off-fault
damage signifies the importance of non-linear bulk rheology, such as viscoplasticity, and its effects
on long term seismicity pattern (Mitchell & Faulkner, 2009; Faulker et al., 2010; Lewis & Ben-
zion, 2010; Liu & Hasterok, 2016). The effect of off-fault plasticity in cycle simulation has been
investigated by Erickson et al. (2017). This study, however, was limited to the quasi-dynamic
approximation and showed that the pattern of seismic cycle is like the reference elastic case except
for slip deficit near free surface. It is not clear whether this insignificant difference between the
plastic and elastic cases is intrinsic or is a consequence of the choice of the parameters and
approximations involved. This is critical to investigate since natural fault zones exhibit significant
inelastic response, which may be idealized as visco-plastic, and their evolution over short and long-
time scales ought to be playing a role in the source physics.

Here, we investigate the effect of off-fault plasticity throughout the earthquake cycle while
accounting for full inertia effect during the seismic phase using a hybrid finite element—spectral
boundary integral scheme (Abdelmeguid et al., 2019). Using this technique, we explore the
patterns of earthquake cycles as the off-fault bulk properties, namely the yield strength and viscous
relaxation time scales, are varied. We outline the setup of the model and summarize the main
results in the next sections.
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Figure 1. Sequence of earthquakes and aseismic slip on a 2D anti-plane rate-and-state fault (a) Model setup. (b)
Slip rate evolution for viscoplastic case (yield strength, o, = 36 MPa, viscosity, n = 0.01y) illustrating spatio-temporal
clustering of sesmic events in contrast to the elastic reference (shown in c) with simple periodic cycles. Both (b) and
(c) show results up to 25 years, and region in-between the vertical dashed lines is VW. Complexity persists beyond
the time range shown here (Please see Supplementary Figure-S5). Red circles indicate nucleation sites of different
events in cluster-2 (within the rectangular box). (d) history of peak slip rate showing aperiodic seismic cycles with
time interval in the scale of years. (e, f, g) zoomed-in view for cluster-2 showing temporal clustering of seismic events
with time interval spanning days to seconds. (h) zoomed-in view of cluster-7 showing existence of temporal clustering.
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2. Model Setup and Methods

We consider a 2D anti-plane fault containing velocity-weakening (VW) and creeping velocity
strengthening (VS) patches (Figure-1a). The fault is embedded in a full-space with no free surface.
The length of the VW patch, Ly, =500m (Lyyw = 5 L), Where Ly, i1s the estimated
nucleation size (Rubin & Ampuero, 2005). Out-of-plane loading is applied in the form of constant
plate rate, V, = 35 mm/year ~ 10™°m/s. The fault friction is governed by a regularized rate-
and-state friction with state evolution following aging law (Dieterich, 1979; Ruina, 1983; Ben-
Zion & Rice, 1997; Lapusta et al., 2000; Ampuero & Rubin, 2008). Off-fault material response is
considered as elastic-viscoplastic. We consider J2 plasticity model with Perzyna viscoplastic
relation (Perzyna, 1971; Simo & Hughes, 2006). As a limiting case to visco-plasticity (rate-
dependent plasticity), we also simulate elastic-perfectly plastic (rate-independent plasticity) case.
More details on model setup including list of parameters and distribution of frictional parameters
used in the simulations are presented in Supplementary Information (Text-S1, Table-S1, Figure-
S1).

To solve the governing field equations, we employ a hybrid finite element-spectral boundary
integral scheme which fully accounts for inertial effects during episodes of rapid slip by alternating
between a quasi-dynamics algorithm during the interseismic period, and a dynamics solver during
seismic slip. Spectral boundary integral enables truncating the computational domain by replacing
the exterior homogeneous linear elastic half spaces with integral relation between the shear stress
and displacement history. The finite element discretization includes the fault and the near-field
nonlinear bulk. More details about the methods are outlined in Supplementary Information (Text-
S2, Figure-S2).

We simulate earthquake cycles for the model geometry shown in Figure-1a to investigate the
implications of different off-fault bulk rheologies such as: elastic; elastic-viscoplastic; and elastic-
perfectly plastic. To investigate factors affecting the off-fault material response, we also vary the
yield strength and viscosity.

3. Results

3.1 Spatio-temporal Clustering of Seismicity

Figure-1 shows the evolution of slip rate with and without off-fault plasticity. With off-fault
plasticity, seismic events are clustered in space and time with a mixture of partial ruptures and
fault-spanning events (Figure-1b) whereas the elastic case generates simple periodic fault-
spanning events (Figure-1c). During aseismic deformation, the active fault (VW region) remains
almost locked demonstrated by the slip rate far below the loading (V, = 10~?m/s) whereas the
velocity strengthening (VS) region keeps creeping following the loading. During rapid rupture, the
VW region moves with increasing slip rate as the rupture propagates. The arrest of rupture is
indicated by subsequent decrease in slip rate. For the elastic simulation (Figure-1c), all seismic
events rupture the entire VW region and get arrested after reaching the VS region. On the other
hand, for the plastic simulation (Figure-1b), not all events rupture the full length of the VW region.
Rupture arrest is observed within VW region followed by nucleation of subsequent events
highlighting the spatial migration and clustering. The red circles in Figure-1b mark the nucleation
sites of different events in cluster-2. It shows that the nucleation site in this case does not
necessarily exist near the end of VW region as observed in the elastic simulation (Figure- 1c).
Rather the nucleation site jumps from one location to another during different events. That is,
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subsequent events nucleate within the VW region and not necessarily due to the expansion of creep
fronts from the VS region as in Figure-1c. The rupture arrest is associated with plastic strain
accumulation and the arrest of partial rupture leaves stress concentration which in turn affects the
nucleation and rupture characteristics of subsequent events.

Furthermore, while the elastic case is characterized by simple periodic events, the elastic-visco-
plastic case exhibits temporal clustering of seismicity. The time history of peak slip rate (Figure-
1d) shows the aperiodic sequence of earthquake and aseismic slip that emerge with plasticity.
Before and after the seismic event, the peak slip rate is close to the applied plate rate (V}, =
10~%m/s) indicating aseismic slip. The occasional sharp increase of peak slip rate denotes the
fast rupture of the velocity weakening zone during the seismic event which apparently looks like
vertical lines (Figure-1d). If we zoom in the time scale as shown in Figure-1e-1h it reveals a richer
structure spanning multiple time scales. Specifically, the apparent vertical lines in Figure-1d are
temporal clusters of seismicity encompassing multiple subevents with interevent time spanning
days to seconds whereas the interevent time of each cluster of events as shown in Figure-1d is in
the scale of years (1.5-3.5 years). Within cluster-2, for example, there are in total 6 events (Figure-
le, 1f, 1g). The first two events occur within a few days apart (Figure-1e); the next event is found
within next few minutes (Figure-1f). The last two events are found only in few seconds (Figure-
1g). We compute the seismic moment and corresponding moment magnitude (M,,) of the events
considering unit width of the fault plane. The largest magnitude is M,, = 2 (Supplementary
Information, Figure-S6). Magnitudes of events in cluster-2 vary from M,, = 0.5 to M,, = 1.8.
The temporal clustering prevails in subsequent clusters (Figure-1h) even though the interevent
times and magnitudes may vary from one cluster to another. This Russian-doll-like temporal
clustering of seismicity is qualitatively similar to natural seismicity (Ortega-Romo & Chen, 2021;
Schurr et al., 2014; Konca et al., 2008) and suggest a crucial role of off-fault plasticity in
modulating rupture growth and arrest.
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3.2 Emergence of Complex Pattern

To explore the robustness of the spatiotemporal complexity, we have carried out several
simulations by varying bulk yield strength and viscosity. The viscosity is varied over two orders
of magnitude which corresponds to varying the relaxation time, t, = n/2u = 0.005 — 0.5 s.
Estimates for viscosity, and consequently the relaxation time, of crustal rocks vary widely between
10'® — 102?° Pa — s (Liu & Hasterok, 2016; Allison & Dunham, 2018; Behr 2022) at strain rates
lower than 1073571 to 101° Pa — s at higher strain rates (10~*s~1) (D6hmann et al., 2019,
Makhnenko & Podladchikov, 2018). Extrapolating to co-seismic strain rates (10~2s~1) would
suggest even smaller viscosities and relaxation times of the order of 0.005 s. Furthermore, studies
on rate sensitivity in rock strength and damage at co-seismic strain rates suggest that the response
is weakly rate dependent (Olsson, 1989; Beeler et al., 2007; Yang et al., 2020) at least for strain
rates up to 10%°s~1. This is also consistent with other studies which implemented Perzyna
viscoplastic regularization during dynamic rupture simulations and used low values of viscosity
(Dunham et al., 2011; Tal & Faulkner, 2022). Therefore, here we explore both the rate-independent
and weakly rate dependent limits during the co-seismic periods and allow for a stronger viscous
response at lower slip rates. Specifically, we assume a pseudo shear-rate thinning rheology
(Weijermars, 1997) where we use adaptive relaxation during aseismic slow deformation (low
strain rate) allowing viscosity to increase as the peak slip rate decreases while keeping the intended
relaxation time fixed during coseismic deformation (high strain rate). The complexity in seismicity
pattern is also found to be qualitatively similar when we use fixed relaxation time throughout
aseismic and coseismic deformation. (Supplementary Information, Figure-S3). More experimental
studies are required to better constrain the rate-dependent inelastic response of rocks under a
variety of seismogenic conditions.

Different patterns of seismicity depending on vyield strength and viscosity are summarized in
Figure-2. We normalize bulk yield strength, o,, by a reference stress, o,.r = crn[f0 +
a In(Vseismic/Vp)] = 41.5 MPa, which estimates peak stress at a rupture tip within the elastic bulk
accounting for the direct effect in rate-and-state friction. Relaxation time is also normalized by a
time scale associated with friction. Since the change in frictional stress occurs over the length of
process zone, R = ulL/o,b = 21.36 m, we choose the time scale associated with frictional
weakening within the process zone to be t = R/cs = 0.0062 s, where c, is the shear wave speed.
For a given yield strength, when viscosity is decreased, we observe transition in the pattern of
seismicity from simple periodicity to spatio-temporal complexity through a quasi-complex pattern.
For instance, with yield strength, o, = 36 MPa (¢* ~ 0.87), simple periodic patterns of seismic
cycles are found for viscosity exceeding 0.05u (T = 4.05) but complex pattern is observed when
viscosity is reduced to 0.01u (7 = 0.81). For intermediate viscosities, quasi-complex event
sequences may emerge. We distinguish complex pattern by spatiotemporal clustering of seismic
events prevailing in almost every cluster whereas quasi-complex pattern is nearly periodic with
occasional emergence of partial ruptures. The transition to complexity with the reduction in the
viscosity may be explained as follows. The redistribution of stresses occurs over two time scales:
the viscous relaxation time scale and the time scale associated with frictional weakening within
the process zone. At high viscosity, the relaxation time scale is long, and the stresses are
redistributed rapidly over the time scale associated with frictional weakening within the process
zone. This is similar to the elastic case. At low viscosity, the redistribution of stresses due to
viscous relaxation is faster or as fast as the time scale associated with frictional weakeing within
the process zone and thus complexity emerge due to the competition of these two processes.
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However, the transition also depends on the yield strength. When yield strength is increased from
36 MPa to 40 MPa (" = 0.87 to 0.96) keeping the viscosity fixed such as n = 0.01u (7 =
0.81), the seismic pattern becomes periodic through a quasi-complex pattern for the intermediate
yield strength of 38 MPa (o* = 0.92). This indicates that, for a particular viscosity, a decrease in
yield strength, favoring higher accumulation of off-fault plasticity, gives rise to complex seismic
pattern. In the limiting case of rate independent plasticity, complexity of earthquake sequences
persists for all values of yield stress up to o*~1 suggesting the critical role of off-fault plasticity
in pinning the rupture tip and leading to spatio-temporal clustering of seismicity by limiting the
ability of the crack to concentrate the stress beyond the yield limit as will be discussed shortly.
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Figure 3. Evolution of plastic strain and effect of viscosity. (a) Spatial distribution of equivalent plastic strain after
cluster of events (yield strength, o, = 36 MPa, viscosity, n. = 0.01u). Plastic strain accumulation spreads along the
fault with successive cluster. (b) Increment of slip during rupture in the 2" cluster. (c) Cumulative slip distribution
where solid blue lines are plotted at every 3 months during aseismic slip and dotted magenta lines are at every 10
milliseconds during dynamic rupture. Lower viscosity case generates non-uniform slip while higher viscosity case is
almost like elastic case except slip deficit near rupture arrest (as shown in b and c). (d) Evolution of plastic energy
dissipation. (e) Evolution of frictional energy dissipation. Decrease in viscosity increases plastic dissipation but overall
plastic dissipation is small compared to frictional dissipation (compare scales of d and e).
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3.3 Evolution of off-fault plasticity and fault slip

A key contribution of this work is tracking the co-evolution of off-fault plastic strain with the
accumulation of fault seismic and aseismic slip over long time scales. In Figure-3a spatial
distribution of equivalent plastic strain shows that plasticity primarily contained within relatively
narrow region normal to the fault while rest of the bulk remains elastic. We chose half-width of
the FEM strip as 30 m (= 1.5 R) which is found to contain the plastic zone. Spatial distribution of
plastic strain is symmetric across the fault as there are no variations in the normal stress associated
with slip in the 2D anti-plane problem. However, most notably, the accumulation of plastic strain
is non-uniform along the fault. Plastic strain is higher in the region where rupture gets arrested.
Multiple clusters of events lead to the non-uniform spreading of off-fault plastic strain parallel to
the fault. Figure-3b shows the spatial distribution of slip accumulation within event cluster-2. The
final slip distribution during this cluster shows that the VW region of the fault experienced
extensive co-seismic sliding compared to the VS region. Basically, slip deficit created by the slow
creeping of the VS regions during aseismic deformation is compensated by the sliding of VW
region through coseismic rupture. Higher viscosity cases (n = 0.1u,andn = u ) show smooth
distribution of slip like the elastic case except small deficit near the rupture arrest region as
indicated by the arrows in Figure-3c. On the other hand, there are oscillations in the spatial
distribution of slip with lower viscosity (n = 0.01u). Oscillations in the slip distribution arises
from spatiotemporal clustering of seismic events with irregular nucleation, heterogenous
propagation, and arrest of the rupture. For the low viscosity case, slip deficit is pervasive reflecting
the significant partitioning of total deformation into fault slip and off-fault plastic deformation of
the bulk.

Plastic dissipation increases as viscosity decreases (Figure-3d). When viscosity is reduced from
n = u to n = 0.1y, the plastic dissipation increases. However, the increase in plastic dissipation
is much higher when viscosity is reduced fromn = 0.1u ton = 0.01u. Nonetheless, overall plastic
energy dissipation is found to be very small compared to the frictional energy dissipation (attention
to the scales of Figure-3d, 3e). For instance, in cluster-2 for n = 0.01p, plastic dissipation is below
3% of the corresponding frictional dissipation whereas plastic dissipation is below 0.6% of the
corresponding frictional dissipation for the case of n = 0.1u. In both higher and lower range of
viscosity, plastic dissipation is smaller than frictional dissipation. While, the off-fault plastic
dissipation remains small, plasticity, depending on the parameters, plays a crucial role in altering
the pattern of earthquake sequences through its impact on stress redistribution and its
heterogeneity. This effect is intensified as the viscosity and yield strength decrease.

Specifically, the emergence of complex spatio-temporal clustering of seismicity is attributed to
the plastic strain accumulation and resulting stress heterogeneity but not necessarily the fraction
of energy dissipated globally in plastic work. Off-fault plastic strain pins the crack motion through
acting as an additional local energy sink, adding to the breakdown energy at the crack tip, and
increasing the effective toughness of the medium. Furthermore, off-fault plasticity reduces the
stress concentration ahead of the crack tip by limiting the stress to a smaller value than what could
be achieved for an elastic bulk. This stress limiting effect increases as the viscosity decreases, and
for the rate-independent limit the stress ahead of the crack tip does not exceed the yield stress.
This reduction in the ability to concentrate the stress leads to the arrest of the seismic rupture even
within the velocity weakening patch and to the frequent emergence of partial ruptures. In the purely
elastic case, only fault spanning ruptures emerge and the rupture arrest takes place in the velocity
strengthening patch. In the elastic case, as the rupture propagates, the stress increases ahead of the
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rupture front, and the stress concentration effect, as measured for example by a stress intensity
factor, increases with rupture propagation. For the elastic-viscoplastic case, the stress may exceed
the yield strength, depending on the loading rate and viscosity. The lower the viscosity is, the
smaller this stress overshoot will be, and the more plastic strain will accumulate. Similarly, lower
yield strength corresponds to higher plastic strain accumulation. This plastic response of the bulk
introduces stress heterogeneity which affects rupture nucleation, propagation, and arrest. Figure-4
illustrates the state of stress close to the fault plane during coseismic rupture for the first event with
elastic-perfectly plastic bulk (o, =36 MPa,c* ~ 0.87). Purely elastic bulk allows stress
concentration ahead of the rupture tip which enables the rupture to propagate further. For
elastoplastic bulk, however, off-fault plastic yielding limits the stress concentration which pins the
crack tip and leads to rupture arrest. Furthermore, the jumping of the nucleation site that we
reported in Figure-1b is a direct consequence of the generation of off-fault plastic strain ahead of
the crack tip. As the rupture arrests and this plastic zone forms, the stress must increase on the fault
beyond the plastic zone in order to nucleate a new event within an already stress relaxed region.
As a result, the sequence of events appears segmented and the nucleation sites move from one
location to another guided by the plastic strain distribution.

(a) Elastic (c) Elastic-perfectly plastic
0.5 . . . 0.5 . . :
@ 047 0 0.4
E 0.3 E 0.3
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e e
v 0.1 v 0.1
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Figure 4. Comparison of the state of stress for elastic and elastic-perfectly plastic bulk. (a) and (b) respectively show
spatial distribution of slip rate and equivalent stress (,/a.2, + 02, ) close to the fault plane for elastic case where stress
concentration occurs ahead of the rupture tip. (c) and (d) correspond to elastic-perfectly plastic case (yield strength,
g, = 36 MPa). For elastic-perfectly plastic bulk, stress ahead of the rupture tip is bounded by the yield strength due
to plastic yielding of the bulk. This reduced stress concentration with off-fault plasticity leads to rupture arrest.
Horizontal dashed lines are drawn to mark the bulk yield strength.
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4. Discussion

In this work, we showed how the co-evolution of fault slip and off-fault plasticity may lead to the
emergence of spatio-temporal complexity of sequences of earthquakes and aseismic slip. This is a
new mechanism for dynamic heterogeneity that has not been highlighted before and suggest the
need for monitoring both on-fault and off-fault processes over multiple spatial and temporal scales
as they are tightly coupled with strong feedback loops.

The hybrid numerical scheme combining finite element and spectral boundary integral enabled us
to perform high resolution modeling of the complex nonlinear problem covering all phases of the
seismic cycle from aseismic creep to fully inertial dynamic rupture while accounting for bulk
plasticity. This enabled us to map the fault response over a wide range of parameters that were not
accessible before. Our work suggests that two non-dimensional parameters control the transition
from simple periodicity to spatio-temporal complexity; namely the ratio of the yield stress to the
elastic peak stress and the ratio of the viscous relaxation time scale to the time scale associated
with frictional weakening within the process zone. As viscosity decreases or the yield strength
decreases, the off-fault plastic strain increases, and this coevolution of off-fault bulk plasticity and
on-fault slip leads to clustering of seismicity in time and partial ruptures in space. The pinning
effect of off-fault plasticity leads to rupture arrest and jumping of the nucleation site. This sheds
light on a new mechanism for modulating the sequence of earthquake and aseismic slip.

Even though plastic dissipation is a small fraction of the total energy budget, its impact on the
rupture dynamics is amplified by its feedback on stress heterogeneity. Global quantities like energy
balance may not reveal the full picture of the source physics and there is a need for investigation
of small-scale physics in complex fault zones due to their evolutionary nature and feedback loops
they introduce. Besides, investigation with wider parameter space including variation in bulk yield
strength and viscosity reveals the dependency of the pattern of seismic cycles on off-fault material
properties like yield strength and viscosity. This indicates the need for accurately characterizing
the nonlinear rheology of rocks.

Our model, even though with a relatively short fault (Lyy, = 5 L), €xhibits complex seismicity
pattern including partial rupture and temporal clustering. The complexity reported here does not
require long faults (Cattania, 2019; Barbot, 2019) or rheological heterogeneity (Kaneko et al.,
2010). Rather, it emerges naturally as a dynamic process due to the feedback between off-fault
plasticity and on-fault stress heterogeneity which may occur at any scale. Specifically, off-fault
plasticity may act as a self-limiting process for the growth of induced seismicity and hence may
contribute to modulating seismicity at injection sites. This suggests that accounting for plasticity
may be necessary even for small earthquakes and short faults.

A limitation of this study includes the lack of consideration of coseismic variation in elastic moduli
as well as interseismic healing which has been widely documented and are suggested by some
studies (Ben-Zion & Lyakhovsky, 2019; Ben-Zion & Huang, 2002; Tenthorey & Cox, 2006;
Griffith et al., 2012). Furthermore, extending the model to 2D plane strain and full 3D may enrich
the response through incorporation of normal stress changes and asymmetric generation of
damage. Beyond the anti-plane setting, details of fault geometry such as non-planarity
(Sathiakumar et al., 2020; Dal Zilio et al., 2019) or roughness (Cattania and Segall 2021; Tal &
Faulkner, 2022) introduce stress heterogeneity which may influence off-fault plasticity and alter
the seismicity pattern. Finally, different state evolution laws may affect aseismic plastic strain
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accumulation differently. We plan to incorporate these additional feedback mechanisms in future
work.
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o Figure S4 shows results for fully quasi-dynamics case which is qualitatively
similar to the fully-dynamics case.

o Figure S5 shows partial rupture as well as occasional rupture spanning entire VW
region persist throughout the simulation time. Same plot with results up to 25
years are shown in main text Figure-1b.

e Figure S6 shows seismic moment and magnitude of events for yield strength,

g, = 36 MPa, viscosity,n = 0.01u.

Text S1. Model Setup

The fault friction is governed by a regularized rate-and-state friction (Dieterich, 1979;
Ruina, 1983; Ben-Zion & Rice, 1997; Lapusta et al., 2000) where the friction coefficient,
f, is a function of slip rate and state variable:

f(V,0) = asinh™?! v exp <f0 * bln(VOG/L)ﬂ.

2V, a (Egn-1)
Here, a and b are nondimensional frictional parameters related to direct effect and state
evolution respectively. a — b < 0 indicates velocity weakening friction whereas a — b >
0 indicates velocity strengthening friction. L is critical slip weakening distance and 6 is
state variable which evolves following a prescribed aging law (Ruina, 1983; Ampuero &
Rubin, 2008):

d6 _ 1 ve (Ean-2)
dt L
We consider constant effective normal stress, o,,. The fault strength is then expressed as
o, f(V,0). Off-fault bulk constitutive response is elastic-viscoplastic. We consider J2

plasticity model with viscous regularization. For 2D anti-plane problem, it reduces to a

yield function:
F(o) = ’(O-ygz + O-:)%Z) — Oy . (Ean-3)

Where, g, is the bulk yield strength. With Perzyna type viscoplastic relation (Simo &
Hughes, 2006), viscoplastic strain rate is expressed as,

oF . oF
€, F = Y30 and ¢,,"" = 20y (Eqn-4a, 4b)
with y = £@) (Eqn-5)

where, n denotes viscosity. Bulk constitutive relation for the 2D anti-plane problem,
assuming an additive decomposition of the strain, then follows:

Oxz = 2p (Exz - Exzvp)’ and Oyz = 2p (Eyz - Eyzvp) (Eqn-6a, 6b)
where, u is the shear modulus and €;; indicates total strain.



Text S2. Methods

We use an alternating quasi-dynamics and fully inertial dynamics approach to capture full
time history of the earthquake sequence including both slow aseismic creep and fast
dynamic rupture. Quasi-dynamics approach approximate inertia through radiation damping
whereas dynamics approach fully accounts inertia. The switching between the two solvers
is enabled based on a threshold slip rate of 0.01 m/s below which radiation damping
contribution (uV/2cg) is very small(~0.1% of the quasi-static shear stress with elastic
bulk). During aseismic slow deformation, we solve a series of static equilibria to get fault
traction for a given slip constraint. Then radiation damping is used while satisfying fault
boundary condition. Quasi-dynamics approach involves adaptive time increment based on
slip rate (Lapusta et al., 2000; Abdelmeguid et al., 2019). On the other hand, explicit
dynamics approach fully accounts for inertia effects and integrates the equations of motion
with fixed time increment governed by Courant-Friedrichs-Lewy (CFL) condition
(Courant et al., 1928). In the dynamics formulation, we use traction-at-split-node (TSN) to
compute fault traction as function of slip rate (Moczo et al, 2007; Setare & Elbanna, 2017).

In spatial discretization, we employ a hybrid scheme (Albertini et al., 2021, Abdelmeguid
et al., 2019) combining finite element and spectral boundary integral. A narrow strip
containing the fault and potential elastoplastic bulk is discretized with finite element (FEM)
and the rest of the homogeneous linear elastic half-spaces are replaced by spectral boundary
integral equations (SBI). A sketch of the hybrid scheme set-up is shown in Supplementary
Information (Figure S2). This hybrid scheme truncated the computational domain
significantly and provide an exact transparent boundary condition for wave propagation.
We use a mesh size (dx = dy = 0.5 m) such that the characteristic length scale defined by

the static estimate of the process zone size, R = “—Lb = 21.36 m is resolved by around 40

On

elements. Width of the virtual strip is chosen so that any possible plastic strain generation
is fully contained within the strip and SBI represents rest of the elastic bulk. Process zone
size may give an estimate for the potential plastic zone across the fault (Templeton & Rice
2008) which may also depend on the choice of parameters and geometry. We chose half-
width of the virtual strip as 30 m (= 1.5 R) which is found to contain the plastic zone. We
use radial return algorithm with viscous regularization (Simo & Hughes, 2006) to update
the stresses. During coseismic phase, time increment is smaller than relaxation time by at
least one order of magnitude which makes the relaxation time scale well resolved by
simulation time increment. During aseismic slow deformation, we adopt relaxation time
following the simulation time increment so that relaxation time is sufficiently resolved by
the simulation time increment. Results do not qualitatively change when we use fixed
relaxation time throughout (Figure-S3). Besides, we carry out fully quasi-dynamic
simulation and find the complex seismicity pattern. This suggests that complex seismicity
pattern is not an artifact associated with switching between solvers (Figure-S4).

Computational savings associated with the hybrid finite element-spectral boundary integral
scheme results from the truncation of computational domain. FEM discretization handles
near fault complexities including material non-linearities and SBI enables replacing rest of
the homogeneous linear elastic half space. Modelling the same problem only in FEM would
require much wider domain in order to avoid wave reflection from the boundary (Ma et al.,
2019; Ma & Elbanna 2019; Abdelmeguid et al.,, 2019; Albertini et al., 2021).



Computational time associated with SBI is comparable to the computational time
associated with only one layer of finite elements at the truncating boundary (Albertini et
al., 2021). Therefore, truncated computational domain in hybrid scheme reduces both
computational time and memory requirements.

Table S1. List of parameters used in the simulations

Parameter Symbol Values
Effective normal stress on fault On 50 MPa
Critical slip distance L 500 x 107®m
Plate rate V 1072 m/s
Reference Slip rate Vo 10~ m/s
Initial slip rate Vinit 1079 m/s
Reference friction coefficient fo 0.6
Shear wave speed Cs 3464 m/s
Shear modulus U 32.038 GPa
Yield strength gy Variable
Viscosity n Variable
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Figure S1. Distribution of rate-and-state frictional parameters. a and b are non-negative dimensionless rate-
and-state frictional parameters related to direct effect and state evolution respectively. Velocity weakening
(VW) patch is associated with a < b and velocity strengthening (VS) refersto a > b.
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Figure S2. Hybrid scheme set-up. Narrow virtual strip containing fault and potential elastoplastic bulk is
discretized with FEM. Spectral Boundary Integral (SBI) replaces homogeneous linear elastic half spaces at
the virtual boundaries (S* and S~ ). Periodic Boundary Conditions (PBC) are applied at the lateral

boundaries.
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Figure S3. Spatio-temporal distribution of slip rate for fully-dynamics simulation with fixed relaxation (yield
strength, o, = 36 MPa, viscosity, n = 0.01x). Temporal clustering and partial rupture are observed which
are qualitatively similar to the case with adaptive relaxation (Figure-1b in main text). Adaptive relaxation
ensures that relaxation time scale is well resolved both in dynamics and quasi-dynamics phases assuming a
shear thinning rheology where viscosity is varied during quasi-dynamics depending on peak slip rate and
keeping the intended viscosity constant during dynamics. The features of complex seismicity pattern are
qualitatively similar in both cases.
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Figure S4. Spatio-temporal distribution of slip rate for quasi-dynamics simulation with adaptive relaxation
(yield strength, o, = 36 MPa, viscosity, n = 0.01u) where inertia is approximated with radiation damping.
Features of complex seismicity pattern including temporal clustering and partial rupture are observed which
are qualitatively similar to fully-dynamics simulation. Unlike fully-dynamics simulation, there is no
switching between two alternating solvers in case of fully quasi-dynamics simulation. Therefore, these
qualitatively similar results suggest that the complex seismicity pattern is not a possible artifact of switching
between solvers.
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Figure S5. Long-term Spatio- temporal clustering of seismicity (yield strength, o, = 36 MPa, viscosity,
n = 0.01u). Partial rupture as well as occasional rupture spanning entire VW region persist throughout the
simulation time. Same plot with results up to 25 years are shown in main text Figure-1b.
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Figure S6. Seismic moment and magnitude of events for yield strength, o, = 36 MPa, viscosity, n =
0.01u. (a) Time history of seismic moment computed with unit fault width. Zoomed-in view are shown in
the insets for cluster-2. Sharp increase in moment happens during seisnmic slip. (b) Moment magnitude of
the events that happened during 25 years. Largest magnitude found is M,, = 2. Magnitude of events in
cluster-2 varies from M, = 0.5 to M,, = 1.8.



