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Slow-slip events and tremors occur below the seismogenic zone of major plate boundaries. While the
physics of aseismic slow-slip events is relatively well understood, the mechanics of seismogenic slow
slip remains elusive because the conditions leading to slow or fast ruptures are thought to be mutually
exclusive. Here, we explore fault dynamics in the parametric space of frictional conditions to show that
seismogenic slow-slip events are the natural behavior of homogeneous faults, as long as the velocity
dependence approaches velocity neutral with a small characteristic nucleation size. Tremors can originate
from rapid bursts of slow earthquakes that are triggered as the slow-slip rupture spreads over small-scale
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asperities. The near velocity-neutral conditions explain the underlying mechanics of collocated slow and
fast slip of seismogenic slow-slip events commonly found below the seismogenic zone. The presence
of material heterogeneity may explain the spatio-temporal clustering and migration features of tremor

activity.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Fault dynamics involve a wide range of rupture styles from
slow-slip events to large earthquakes. However, slow-slip events
are often associated with so-called slow earthquakes. The slow
earthquake family includes several types of events based on their
frequency and characteristics. Events identified in a frequency band
higher than 1Hz are called low-frequency earthquakes, and those
found in the 0.01-0.10 Hz bandwidth are called very-low-frequency
earthquakes (Masuda et al., 2020). Furthermore, tremors are dis-
tinguished from low-frequency earthquakes based on their seismic
wave phases. While low-frequency earthquakes have identifiable P
or S wave arrivals, tremors have no distinct body wave arrivals.
Tremors are sometimes interpreted as a burst of low-frequency
earthquakes (McCausland et al., 2005; Shelly et al., 2007b).

Concurrent slow-slip events and slow earthquakes have been
found in several subduction zones (Fig. 1), including Casca-
dia (Dragert et al., 2001; Rogers and Dragert, 2003; Peng and
Rubin, 2016), the Aleutian (Rousset et al, 2019b), the Nankai
Trough in Japan (Shelly et al., 2006; Yokota et al., 2016; Shiraishi
et al., 2020), the Mid-American Trench in Mexico (Kostoglodov et
al., 2003; Frank et al., 2013), and Hikurangi in New Zealand (Kim
et al, 2011; Todd et al, 2018). Concurrent slow-slip events and
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tremors are also found at major strike-slip faults, for example at
the San Andreas Fault near Parkfield (Nadeau and Dolenc, 2005;
Shelly, 2010; Rousset et al., 2019a) and at the Alpine Fault in New
Zealand (Chamberlain et al., 2014; Wech et al., 2012).

Slow-slip events and slow earthquakes represent widely dif-
ferent rupture behaviors. Slow earthquakes last minutes to hours
and radiate broadband seismic signals up to 10Hz. In contrast,
slow-slip events have a slip velocity only slightly higher than back-
ground relative plate motion and last from days to months. Despite
their different characteristics, the two phenomena are mechani-
cally coupled, as most slow-slip events are accompanied by slow
earthquakes with temporal and spatial correlation (e.g. Beroza and
Ide, 2011). The intensity of tremor activity varies among slow-
slip events. For example, the gap between the seismogenic zone
and short-term tremorgenic slow-slip area at the Nankai (Takagi et
al., 2016; Obara and Kato, 2016; Gao and Wang, 2017) and Mex-
ico (Zigone et al., 2012; Peng and Rubin, 2017) subduction zones
are filled with long-term, less seismically active slow-slip events.

Dominantly aseismic slow-slip events are a relatively well-
understood phenomenon through numerical simulations. Slow-
slip events may occur due to conditional stability when rup-
ture nucleation is limited by fault width (Liu and Rice, 2005),
or through enhanced stability by dilatant strengthening (Segall et
al,, 2010), by restrengthening at high slip speed (Shibazaki and
Shimamoto, 2007; Matsuzawa et al., 2010; Im et al, 2020) or
by spontaneous thermal instabilities arising from a positive feed-
back between shear heating and temperature-weakening friction
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Fig. 1. Concurrence of slow-slip events and slow earthquakes at major plate boundaries. A) Slow-slip events (Nishimura et al., 2013) and tremors (NIED catalogue) in 2012,
and rupture area (thick dashed line) of historical large earthquakes (Obara and Kato, 2016) at the Nankai Trough, Japan. B) Collocated tremors (Idehara et al., 2014) and
slow-slip (Schmidt and Gao, 2010) at the Cascadia subduction zone. The seismogenic zone is situated above the region of high geodetic coupling (thick dashed line from
Michel et al., 2019). The thin dash lines in A) and B) correspond to the USGS Slab2 model (Hayes et al., 2018). C) Distribution of low-frequency earthquakes along the San
Andreas Fault (Shelly and Hardebeck, 2010). D) Low-frequency earthquakes and correlation with surface geodetic measurements (Rousset et al., 2019a). The seismogenic
region (thick dashed line from Barbot et al., 2012) surrounds the hypocenters of the 1966 (green star) and 2004 (red star) earthquakes. (For interpretation of the colors in

the figures, the reader is referred to the web version of this article.)

(Wang and Barbot, 2020). Slow-slip events may also emerge near
the brittle-ductile transition due to the stabilizing effect of vis-
coelastic flow (Goswami and Barbot, 2018; Biemiller and Lavier,
2017; Tong and Lavier, 2018). The circulation of fluids along the
fault may also trigger slow slip (Bernaudin and Gueydan, 2018;
Cruz-Atienza et al,, 2018; Bhattacharya and Viesca, 2019).

In contrast, the physics underlying coincident slow slip and
slow earthquakes is unresolved because the conditions leading to
slow or fast slip are thought — incorrectly — to be mutually exclu-
sive. Sustained sequences of slow and fast ruptures on the same
asperity have been obtained under specific conditions (e.g., Veedu
and Barbot, 2016; Romanet et al.,, 2018; Veedu et al., 2020), but

the two rupture styles do not occur within the same event. Recent
studies cover the joint occurrence of slow and fast ruptures (Bar-
bot, 2019b; Shi et al., 2020), but this phenomenon has only been
described briefly. Other works explore the emergence of seismic
events during creep or slow slip invoking a heterogeneous rock
matrix in the fault zone (Lavier et al., 2020) or lateral variations
of frictional properties along the fault (Dublanchet et al.,, 2013).
Elucidating the physics of concurrent tremor and slow slip still
constitutes a major challenge in tectonophysics (Jolivet and Frank,
2020).

In this study, we argue that coincident slow slip and slow
earthquakes are the natural response of faults near the transition
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between velocity-weakening and velocity-strengthening properties.
This condition is universally found below the seismogenic zone
and can be accomplished by a wide range of frictional properties.
We present numerical simulations of the seismic cycle that pro-
duce recurring slow-slip events while resolving the simultaneous
nucleation, rupture propagation, and arrest of triggered slow earth-
quakes in a continuum. The model provides a source mechanism
for slow slip and slow earthquakes and explains the occurrence of
this phenomenon below the seismogenic zone at many subduction
zones and in a continental transform setting. Further, we explain
the generation of tremors by the presence of small-scale asperi-
ties that are triggered during the passage of a slow-slip rupture
front. The model helps us understand the clustering, stationarity,
and rapid migration of tremors.

In the next section, we describe the physical assumptions and
the numerical method. We then describe the parametric domains
leading to aseismic or seismogenic slow-slip events using a homo-
geneous asperity model. Finally, we present seismic cycle simula-
tions of tremorgenic slow-slip events in the presence of small-scale
frictional heterogeneities. We produce synthetic geodetic time se-
ries and seismic waveforms that bear resemblance with observed
slow-slip events, low-frequency earthquakes, and tremors for nat-
ural faults. Our results help understand why seismogenic slow-
slip events occur in a wide range of conditions, the variability of
tremorgenic potential being controlled by the degree of material
heterogeneity of the host fault.

2. Physical assumptions and modeling method

Concurrent slow-slip events and tremors occur in various tec-
tonic settings, including subduction zones and continental trans-
forms. Since slow-slip events often occupy a fault area with a large
aspect ratio, we conduct numerical simulations of the seismic cy-
cle using a two-dimensional approximation. The anti-plane strain
and in-plane strain approximations are most relevant for strike-slip
and thrust faulting, respectively, but fault dynamics in these condi-
tions are similar, only differing by the stiffness of asperities, which
depends on Poisson’s ratio for mode II cracks. We proceed with
the anti-plane strain approximation, but the results remain rele-
vant for in-plane strain given a systematic change of parameters
that affects the nucleation size.

We conduct numerical simulations of fault dynamics based on a
physics-based rate- and state-dependent friction law, building on a
long legacy of studies that describe a wide range of faulting behav-
iors during seismic cycles, including slow-slip events, fast ruptures,
and aperiodic seismic cycles (e.g., Tse and Rice, 1986; Liu and Rice,
2007; Lapusta et al., 2000; Barbot et al., 2012; Wu and Chen, 2014;
Qiu et al, 2016; Ong et al, 2019; Barbot, 2020, and references
therein). We consider the multiplicative form of a friction consti-
tutive law (Barbot, 2019a) in isothermal conditions given by

a b

_(V\r [(6Vy)\Hro
T= — —_— , 1
M00<V0> ( L ) M

where po represents the static friction coefficient, Vy is a refer-
ence velocity, and a and b are power exponents for the rate and
state dependence of the frictional resistance, respectively. Velocity-
weakening at steady state is obtained for a — b < 0 and velocity-
strengthening for a — b > 0. The effective normal stress ¢ is af-
fected by the pore-fluid pressure as 6 =o — py, where o is the
normal traction and py is the pore-fluid pressure in the fault zone.
The frictional resistance is modulated by the age of contact follow-
ing the aging law (Ruina, 1983) in isothermal conditions, given by

9:1—7, (2)
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where L represents a characteristic weakening distance and 6 rep-
resents the age of contact.

Slow-slip events are often associated with elevated pore-fluid
pressure (e.g., Gao and Wang, 2017), revealed by an elevated ratio
of compressional to shear wave speeds in major plate boundaries,
including Cascadia (Audet et al., 2009), the Nankai Trough (Kodaira
et al, 2004), Hikurangi (Bell et al., 2010), Mexico (Frank et al.,
2015), and the San Andreas Fault (Ozacar and Zandt, 2009). The
direct effect of high pore-fluid pressure in the fault zone is to de-
crease the effective normal stress (Song et al.,, 2009), compatible
with the exceedingly small stress drop of slow-slip events (Nan-
jundiah et al., 2020). We incorporate this effect by considering
near-lithostatic pore-fluid pressure, resulting in an effective nor-
mal stress of 20 MPa for all models considered.

The wide spectrum of rupture styles that develop during seis-
mic cycles is controlled by the frictional and geometrical properties
of a fault. These parameters can be combined into dominantly two
non-dimensional parameters that, within realistic bounds, exert a
strong control on rupture dynamics (Barbot, 2019b). The Dieterich-
Ruina-Rice number

(b—-—aac W
Ry=——"——
G L
incorporates the asperity size W, the rate dependence at steady
state (a — b), the characteristic weakening distance, the rigidity G
of the host rocks, and the effective normal stress and controls the

complexity of fast rupture cycles (Cattania, 2019). The other num-
ber

, 3)

b—a
b

controls the ratio of dynamic to static stress drops (Gabriel et al.,
2012) and reflects the relative importance of the evolutionary ef-
fects. The development of instabilities within the framework of
rate- and state-dependent friction has been typically associated
with a critical stiffness or a ratio of nucleation size to asperity
size (Ruina, 1983; Rice, 1983; Rice and Ruina, 1983). Accordingly,
numerical models of slow-slip events are often obtained using a
small ratio of the seismogenic width to a characteristic nucle-
ation size, i.e., R, ~ 1 (e.g., Liu and Rice, 2005, 2007; Rubin, 2008;
Liu and Rice, 2009; Wei et al, 2013), unless different mechani-
cal behaviors are assumed, but the role of the R, number has
been largely overlooked. Slow-slip events can in fact occur for a
wide range of frictional properties as R, approaches zero from
above (Rubin, 2008; Wu and Chen, 2014; Barbot, 2019b). In addi-
tion, consideration of nonlinear stability analysis (Viesca, 2016b,a)
indicates the apparition of new Hopf bifurcations during rupture
nucleation when the velocity-weakening friction properties con-
verge towards velocity neutral, i.e., as R, approaches zero.

We develop quasi-dynamic simulations of seismic cycles with
adaptive time steps to explore a broad spectrum of seismic and
aseismic activity while maintaining high numerical accuracy. Adap-
tive time-stepping is key to resolve the enormous range of time
scales relevant to slow slip and slow earthquakes. We use the spec-
tral boundary-integral method with shared memory parallelism to
resolve the stress interactions during rupture dynamics with great
numerical efficiency (Barbot, 2021). For all simulations, we set the
fault width as 15km and the velocity-weakening region extends
from 5 to 10km. We load the fault at a rate of 83 mm/yr or
2.6 x 10~ m/s, which is typical for a subduction zone setting. For
all models considered, the numerical grid size is chosen to resolve
the cohesion length

_GL
==

Ry = (4)

Ly (5)
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Following a convergence test, we choose a grid size smaller than
Ly/4 for the homogeneous models of Section 3 and of L,/15 =
15 cm for the heterogeneous model of Section 4.

3. Seismogenic slow-slip events

Episodic tremor and slow-slip events often take place between
the seismogenic zone and regions of long-term stable sliding (e.g.
Obara and Kato, 2016; Gao and Wang, 2017). In a continental set-
ting, the depth extent of the seismogenic zone is controlled by
the stability of wet granite or quartz-rich gouge (Blanpied et al.,
1991, 1995, 1998) and the top and bottom boundaries of the seis-
mogenic zone correspond to isotherms (Scholz, 1998). This is per-
haps best evidenced by the correlation of heat flow and depth of
background seismicity in California (Magistrale, 2002; Hauksson,
2011). In a subduction zone setting, the stability transition may
also be controlled by regional metamorphism due to the fluid-rich,
low-temperature conditions near the subducting slab. Slow-slip
events can occur at greater depths than for a continental trans-
form because of the presence of antigorite-rich serpentinite, which
is velocity-weakening at and above 450°C (Okazaki et al., 2013;
Okazaki and Katayama, 2015). Mantle rocks are also velocity-
weakening at greater temperatures than granitic rocks (Boettcher
et al., 2007). Nevertheless, in both continental and subduction set-
tings, the slow-slip events and tremors phenomenon seems to be
associated with a stability transition.

Motivated by these observations, we explore the dynamics of
a single velocity-weakening asperity in conditions of near-neutral
velocity-weakening friction at steady state. We explore the para-
metric space of frictional parameters to determine the various
styles of slow-slip events that may emerge in various physical con-
ditions near the stability transition. While keeping the width of
the velocity-weakening region and effective normal stress fixed,
we vary the state-dependence power exponent and the charac-
teristic weakening distance to explore the two-dimensional space
of non-dimensional parameters R, and Rp (Fig. 2). We simulate
seismic-cycles with Rp ranging from 0.02 to 0.5 and R, ranging
from 0.6 to 220. We show that slow slip within the rate- and state-
dependent friction framework can be classified into three paramet-
ric sub-domains: creep, aseismic slow-slip events, and seismogenic
slow-slip events.

Aseismic slow-slip events emerge when the rupture is lim-
ited to the nucleation phase by the boundaries of the velocity-
weakening region. They occur for a narrow range of R, number
that depends on the R, number. For strongly velocity-weakening
asperities with 0.2 < R, < 1, aseismic slow-slip events take place
for 1 < R, < 3. For asperities in near velocity-neutral conditions
with 0 < Ry < 0.1, aseismic slow-slip events take place for the
range 5 < Ry < 10. Waves of partial coupling (Fig. 2b) may propa-
gate for decades with a slip velocity only slightly above and below
the background long-term fault slip-rate. This behavior occurs for
intermediate values of R, and R, and may be important to under-
stand decadal-scale variations in fault sliding velocity.

Seismogenic slow-slip events (Fig. 2f-i) occur in the condi-
tions predicted by Viesca (2016b,a) for R, ~ 0 and R, > 1.
The chaotic nucleation regime manifests itself in seismic cycles
by numerous fast ruptures embedded in longer and larger slow-
slip events. The nucleation of seismogenic slow-slip events may
be caused by the coalescence of slow-slip rupture fronts, which
is consistent with observations from the laboratory (Kaneko and
Ampuero, 2011; Fukuyama et al., 2018) and from the Cascadia sub-
duction zone (Bletery and Nocquet, 2020). For this type of event
to emerge spontaneously requires near-neutral velocity-weakening
friction and a small enough characteristic nucleation size. We limit
our simulations to R, =220 due to the challenges associated with
numerical convergence, but the R, number has virtually no up-
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per bound. We expect that slow-slip events continue to grow in
complexity for increasing R, numbers. In other words, the charac-
teristic weakening distance may be arbitrarily small and still allow
seismogenic slow-slip events.

Seismogenic slow-slip events may occur for a wide range of pa-
rameters, including virtually arbitrarily small weakening distance,
in conditions of near-neutral velocity-weakening properties. These
findings help explain the presence of slow-slip events below the
seismogenic zone of continental transforms and subduction zones
at the broad transition between stick-slip and stable sliding. In ad-
dition, the near velocity-neutral regime helps explain the typical
association of slow-slip events with slow earthquakes. The remain-
ing unknown is the mechanics of tremor generation.

4. Tremorgenic slow-slip events

Seismogenic slow-slip events represent complex slow ruptures
that incorporate slow earthquakes. However, slow-slip events in
nature are frequently associated with tremors, a more specific type
of seismicity. As tremors do not seem to form spontaneously in
homogeneous velocity-weakening asperities, we introduce small-
scale asperities within the velocity-weakening region. The presence
of small-scale asperities changes the macroscopic rupture behav-
ior, for example, by generating foreshocks and aftershocks in the
seismogenic zone (e.g., Dublanchet, 2017; Yabe and Ide, 2018) or
by affecting the macroscopic stability of the fault (Skarbek et al.,
2012; Luo and Ampuero, 2018). The rupture dynamics depend on
the density of small-scale asperities and their physical properties.
After exploring various configurations and considering the phase
diagram of Fig. 2, we present the details of a single model that ex-
hibits the characteristic features of tremorgenic slow-slip events in
nature, such as event duration of the order of months, recurrence
times of the order of years, and typical seismo-geodetic signatures.

We simulate seismogenic slow-slip cycles with heterogeneous
frictional properties consisting of a matrix of 50 m-wide asperities
with Ry, = 0.2 embedded in a 5km-wide near-neutral velocity-
weakening fault with R, = 0.02 (Fig. 3). The model produces a
non-characteristic sequence of seismogenic slow-slip events. Fast
sub-events are triggered at the velocity-weakening asperities by
the passage of the slow-slip rupture fronts. We identify the fast
events using the slip velocity threshold of 0.01 m/s, but these fast
events vary in both peak slip velocity and seismic moment. Rapid
failure at the asperities disturbs the propagation of the underly-
ing slow-slip events, resulting in multiple secondary slip fronts.
Because the location of small-scale asperities is stationary, the trig-
gered slow earthquakes form repeaters within a single slow-slip
event and provide markers of the rupture front. The up-dip and
down-dip propagation of the rupture front causes reversal migra-
tion of slow earthquakes. In addition, most of the fast sub-events
occur within slow-slip events and cluster in time (Fig. 4).

We seek to determine the nature of the slow-slip cycle from
the point of view of seismo-geodetic observations. We therefore
compute geodetic and seismic recordings to reveal whether the
fast sub-events represent earthquakes or tremors and whether the
deformation is nominally seismic or aseismic. We first compute
the geodetic displacement time series for 5.4 years using elasto-
static Green’s functions for a homogeneous half space with two-
dimensional line sources (Okada, 1985). For these calculations, we
assume a fault dip angle of 7.1° (Fig. 5a). We remove the long-
term displacement accumulation represented by a linear trend to
accentuate the dynamic range from the slow-slip events. Long-
term deformation associated with slow slip is detected in synthetic
geodetic time series (Fig. 5b), with a rapid first phase followed by
a gradual recovery to background strain accumulation due to prop-
agation of slow slip into the velocity-strengthening region. The cu-
mulative surface displacement per event is of the order of several
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millimeters, which is typical for geodetic observations of slow-slip
events (e.g., Rogers and Dragert, 2003).

We then compute the seismic waveform at the same location of
the geodetic station. We assume a homogeneous full elastic space
using a closed-form analytical solution (Pujol, 2003). The near-,
intermediate-, and far-field components of the seismic waveforms
each correspond to various different linear combinations of the
moment-rate and its integrals, with weights depending on the
distance and azimuths from source to receiver and arrival times
corresponding to S- and P-wave speeds. We assume a rigidity of
30 MPa, a Poisson’s ratio of v =0.25, and a density of 2800 kg/m>.
We ignore seismic attenuation. We first produce the displacement
waveforms. Then, we evaluate a time derivative to obtain the ve-
locity waveforms. In our two-dimensional model, the moment-rate

per unit length is a simulation outcome. To propagate the seismic
wave in a three-dimensional space, we assume a constant width of
5km for the source. These assumptions affect the amplitude of the
waveforms, but not the phase nor the arrival times. We resample
the moment-rate function on the fault at 1Hz for the entire time
series (5.4 years) to reduce the computational cost. This frequency
is high enough to sample tremor-like events, avoid severe aliasing,
and capture the seismic activity from impulsive signals. The sta-
tion location to the east of the fault results in only shear waves to
be detected.

Each slow-slip event includes seismic activity, and most of the
fast events are within slow-slip events (Fig. 5b). Some of these
fast events can be distinguished as isolated events, but others are
concentrated and difficult to distinguish separately, reflecting the
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temporal and spatial clustering of the seismic source (Fig. 4). The
slow-slip events that consist of multiple acceleration phases in the
geodetic time series are associated with more seismic activity. We
compute the seismic waveforms at 16 stations aligned along a
fixed azimuthal angle (Fig. 5a) to test whether the body-wave ar-
rivals can be identified. We focus on a single event and we sample
the synthetic seismograms at 10,000 Hz to further eliminate alias-
ing. Unlike the seismo-geodetic station that receives only S waves,
these additional seismic stations have an azimuthal angle of 30 de-
grees, so that both P and S waves can be detected. The arrival of
both P and S waves and the moveout pattern is apparent for some
of the early phases (Fig. 5c). However, the body-wave arrivals of
individual events within rapid bursts of seismicity are intermin-
gled.

The concurrency of seismic and aseismic slip and the cluster-
ing of individual fast slip events along slow-slip rupture fronts
in our simulations indicate that slow slip triggers small earth-
quakes and that tremor-like seismic waveforms can be obtained

by superposition of the seismic waves radiated by short bursts of
small earthquakes. Our simulations imply that seismic and slow-
slip events are deeply coupled by the presence of heterogeneous
frictional properties within the parametric regime of seismogenic
slow-slip. Complex seismogenic slow-slip events emerge sponta-
neously with a succession of either isolated slow earthquakes or
tremors associated with rapid bursts of seismic sources.

5. Discussion

Slow-slip events emerge spontaneously in the framework of
rate- and state-dependent friction when the rupture is limited to
the nucleation region (Kato, 2003; Lapusta and Rice, 2003; Liu and
Rice, 2005, 2007; Rubin, 2008). However, this explanation for slow-
slip events in nature is unsatisfactory for two key reasons. First, the
parameter space that produces this behavior is so limited that it is
unlikely to explain the slow-slip phenomenon in diverse tectonic
settings. This realization pushed several investigators to consider
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underlying slow-slip episode. C) to E) enlarge the three seismogenic periods shown by the dashed lines in figure B). The background color indicates the slip velocity.

coupling with other mechanisms or different friction laws (e.g.,
Liu and Rubin, 2010; Rubin, 2011, and references therein). Second,
the slow-slip events produced in this parameter range are aseis-
mic, failing to explain the strong coupling between slow slip and
slow earthquakes observed in nature (e.g., Hall et al., 2019; Hutchi-
son, 2020; Bartlow, 2020, and references therein). In this study,
we show that seismogenic slow-slip events are also a spontaneous
behavior of rate- and state-dependent friction faults and that the
parameter space producing this behavior is essentially unbounded,
allowing an arbitrarily small characteristic weakening distance or,
equivalently, an arbitrarily small characteristic nucleation size, as
long as the rate dependence approaches velocity neutral.

The physical conditions amenable to seismogenic slow-slip
events are those found below the seismogenic zone, near the
transition between velocity-weakening and velocity-strengthening
rate-dependence of steady state friction. We propose that con-

current slow-slip events and slow earthquakes can be explained
by a region with nearly velocity-neutral properties, also charac-
terized by a relatively short characteristic nucleation size. The
model is appealing because the transition to a velocity neutral
rate-dependence is a necessary condition at the boundary of the
seismogenic zone, regardless of tectonic setting (Fig. 6). The model
explains the underlying mechanism and location of seismogenic
slow-slip events up-dip and down-dip of the seismogenic zones
at subduction megathrusts. However, the model requires that the
boundary spread over several kilometers. In a subduction setting,
the down-dip boundary may be accommodated by fluid-assisted
regional metamorphism that forms rocks with weakly velocity-
weakening properties at high temperature, such as antigorite-rich
serpentinite (Shi et al., 2020). The up-dip boundary may corre-
spond to poorly consolidated clay-rich sediments that also exhibit
weakly unstable friction (Barbot, 2020). That the Sunda and the
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Fig. 5. Geodetic and seismic signatures of seismogenic slow slip. A) Location of the geodetic and seismic receivers relative to the source fault. The source is simplified as a
point located in the middle of the velocity-weakening area (orange star). The red triangle indicates the primary station used to simulate geodetic and seismic data for the
time series in B). The yellow triangles represent a seismic array with 16 receivers along the same azimuth. B) Synthetic geodetic displacement and velocity (upper panel)
and clipped seismograms showing the ground velocity (bottom panel) for the entire sequence. C) Seismograms generated by ruptures highlighted in Fig. 4D and recorded by
the orange seismic array in A). The start time is labeled by dashed red line in B). The P and S wave arrivals are marked by the blue and red lines, respectively. D) is the

seismograms highlighted by the blue rectangle in C) with a smaller amplitude range.

Japan trenches do not exhibit deep slow-slip events or tremors
may be due to an under-developed, i.e., sharp, stability transition
or recent giant earthquakes shutting down the slow-slip cycles
for a few decades (Shi et al., 2020; Barbot, 2020). Slow-slip and
tremors are less frequently observed at continental transforms,
and have overall smaller dimensions. However, mixtures of talc
and serpentinite in quartz-rich gouge at mid- and lower-crustal
depths may provide the conditions for seismogenic slow slip in
this context (Moore and Lockner, 2008, 2011).

We highlight the importance of the aseismic and seismogenic
end-members of slow-slip events associated with different fric-
tional parameter regimes. Aseismic slow-slip events recur in a
more characteristic manner whereas the seismogenic slow-slip
events tend to follow a more chaotic cycle. In the seismogenic

slow-slip parameter regime, the slow-slip cycle is aperiodic, with
large variability of event size, duration, and recurrence time. The
ruptures are also more complex, with up-dip and down-dip migra-
tions of the rupture front, marked by similar propagation patterns
of seismic sources in the presence of material heterogeneities. The
aseismic and seismogenic slow-slip end-members may be used
to explain the difference between so-called long-term and short-
term slow-slip events in the Nankai Trough, the later being more
tremorgenic than the former (Shi et al., 2020). The tremorgenic po-
tential of slow-slip events may be controlled by the concentration
of small-scale heterogeneities.

Other mechanisms have been proposed to explain tremors, for
example, small-scale geometrical heterogeneity (Tsai and Hirth,
2020) or stress perturbation by fluid migration and metamor-
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Fig. 6. Schematic distribution of frictional properties on subduction megathrust and continental transform faults. A) Subduction megathrust. The seismogenic zone spans the
unstable weakening fault region. Seismogenic slow-slip events take place above and below, in the near-neutral weakening region. B) Continental transform. The seismogenic
zone and the seismogenic slow-slip area are associated with unstable weakening and near-neutral weakening friction properties, respectively.

phism (Platt et al., 2018). Given the ample evidence for complexity
of exhumed fault zones (e.g., Kotowski and Behr, 2019; Barnes et
al.,, 2020; Kirkpatrick et al., 2021), the role of heterogeneity is im-
portant. Recent studies feature fast sub-events by including small
scale heterogeneities explicitly (e.g., Luo and Ampuero, 2018; Luo
and Liu, 2019), but the detail of the fast ruptures and how they af-
fect the slow-slip propagation is not fully resolved numerically. As
seismogenic slow slip may readily be obtained in a homogeneous
region with properties systematically found below the seismogenic
zone, resolving the effects of heterogeneities may be key to ex-
plain the characteristics of tremors, such as the stationary location
of tremor hotspots (Rubin and Armbruster, 2013) and rapid tremor
migration in the up-dip and down-dip directions (Peng et al., 2015;
Peng and Rubin, 2017; Shelly et al., 2007a; Houston et al., 2011).

6. Conclusions

Our study shows that the frictional conditions found near the
boundary of the seismogenic zone naturally promote the emer-
gence of slow-slip events for a wide range of frictional properties.
Slow-slip events can be categorized by the aseismic and seismo-
genic end-members depending on the frictional regime, perhaps
best exemplified in nature by the long-term and short-term slow-
slip events at the Nankai Trough. Aseismic slow-slip events occur
when the rupture propagation is limited by the overall size of the
asperity and feature a more characteristic cycle. Seismogenic slow-
slip events occur in conditions of near-neutral velocity-weakening

friction at steady state and feature a more complex, aperiodic se-
quence, due to the strong coupling between slow slip and embed-
ded fast ruptures. The range of frictional properties for seismogenic
slow slip is conceptually unbounded, allowing an arbitrarily small
characteristic nucleation size, as long as the rate-dependence ap-
proaches velocity-neutral.

The velocity-neutral rate-dependence of friction at steady state
occurs systematically near the boundary of the seismogenic zone.
The development of slow slip and slow earthquakes depends on
the width of this transition and the characteristic nucleation size:
Aseismic and seismogenic slow-slip events occur for large and
small nucleation sizes, respectively. The width of the stability tran-
sition is likely controlled in nature by the down-dip stratification
of metamorphic rocks and the properties of the fault zone.

Tremorgenic slow-slip events can occur when small-scale as-
perities are embedded within a near-neutral velocity-weakening
fault. Tremors can result from the rapid succession of clustered
seismic sources when the front of slow-slip ruptures passes
through these asperities. Rapid tremor reversals (e.g., Ghosh et
al., 2010; Houston et al., 2011; Hawthorne et al., 2016) follow
from the up-dip and down-dip migrations of the slow-slip rupture
front. These results explain the ubiquity of tremorgenic slow-slip
events below the seismogenic zone in various tectonic settings.
The range of frictional parameters leading to both seismogenic or
and tremorgenic slow ruptures is much wider than for aseismic
slow-slip events, explaining the predominance of episodic tremor
and slip as a slow-slip rupture style in nature.
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