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Abstract Tectonic faults typically break in a single rupture mode within the range of styles from slow slip
to dynamic earthquake failure. However, in increasingly well-documented instances, the same fault
segment fails in both slow and fast modes within a short period, as in the sequences that culminated in the
2011 Mw = 9.0 Tohoku-OKki, Japan, and 2014 Mw = 8.2 Iquique, Chile, earthquakes. Why slow slip
alternates with dynamic rupture in certain regions but not in others is not well understood. Here, we
integrate laboratory experiments and numerical simulations to investigate the physical conditions leading to
cycles where the two rupture styles alternate. We show that a bifurcation takes place near the stability
transition with sequences encompassing various rupture modes under constant loading rate. The range of
frictional instabilities and slip cycles identified in this study represents important end-members to
understand the interaction of slow and fast slip on the same fault segment.

Plain Language Summary Earthquake faults fail in a range of different modes depending on the
tectonic setting. The northern Cascadia and the Nankai regions produce irregular slow-slip events
whereas Japan, Chile, and the Middle American subduction zones have shown that both slow slip and
ordinary (fast) earthquakes can occur in a single location. Why only slow slip appears in certain regions but
transitions to fast ruptures in others is not fully understood. Using laboratory experiments and numerical
simulations, we show that both fast and slow failure can occur when the fault is only weakly unstable.
Under these conditions faults fail with a range of slip velocities, dictated by fault friction. Describing the
dynamics of frictional sliding near the stability transition in controlled experiments helps us better
characterize the evolution of seismic hazards in a natural setting.

1. Introduction

Decades of seismologic and geodetic monitoring along active faults have illuminated distinct slip behaviors,
each developing on separate fault regions (Figure 1a), compatible with the notion that specific physical con-
ditions can be associated with a unique rupture style. However, this view is now challenged by a compelling
set of observations revealing the interaction of aseismic transients in otherwise seismogenic regions. Notable
examples are the aseismic transients before the 2011 Mw = 9.0 Tohoku-Oki, Japan (Ito et al., 2013; Kato
et al.,, 2012) (Figure 1b), 2014 Mw = 8.2 Iquique, Chile (Meng et al., 2015; Socquet et al., 2017)
(Figure 1c), and a number of M > 7 earthquakes (Graham et al., 2014; Huang & Meng, 2018; Kato et al., 2016;
Radiguet et al., 2016; Ruiz et al., 2017) (Figure 1a). Fault tremor sequences with alternating longer and
shorter repeat times (so-called period-doubling events) have been documented along the San Andreas
Fault (Shelly, 2010) (Figure 1d), and a mixed aseismic-seismic slip was observed in the Andean subduction
zone (Villegas-Lanza et al., 2015). However, the northern Cascadia (Gomberg et al., 2010) and Nankai
(Gardonio et al., 2018) subduction zones exhibit recurring slow slip that is not followed by an earthquake
on the same segment. Although rock friction experiments have revealed the existence (Gu & Wong, 1994;
Scholz et al., 1972; Wong et al., 1992) and mechanical conditions of a wide spectrum of rupture styles
(Leeman et al., 2015, 2016; Mclaskey & Yamashita, 2017; Scuderi et al., 2016; Zhuo et al., 2018), the physics
that sets apart recurring slow-slip events from sequences with slow and fast ruptures is not thoroughly
understood.
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Figure 1. A landscape of failure modes. (a) Distribution of creeping faults (Harris, 2017), long- and short-term slow slip, tremors, very low frequency slip (Obara &
Kato, 2016), slow and fast slip (Graham et al., 2014; Huang & Meng, 2018; Ito et al., 2013; Kato et al., 2016; Meng et al., 2015; Radiguet et al., 2016; Ruiz et
al., 2017), and earthquakes (U.S. Geological Survey). Some faults appear to fail in a single mode, but others show both slow and fast rupture. (b) Area of Mw = 7.0
slow-slip event (dark blue) preceding the 2011 Mw = 9.0 Tohoku-Oki earthquake (Ito et al., 2013), Japan, with light red areas showing slip up to 30 m. (c) Aseismic
slip (dark blue area) before the 2014 Mw = 8.2 Iquique earthquake (Meng et al., 2015), Chile (light red areas showing slip up to 2 m). (d) Period-doubling
tremors along the San Andreas Fault (Shelly, 2010). The blue and red circles represent tremor bursts with few and many low frequency earthquakes (LFEs),
respectively. (e) Slow-slip events along the northern Cascadia subduction zone with an average recurrence of about 14.5 months (Rogers & Dragert, 2003).

2. Laboratory Experiments

We present results of friction experiments on synthetic gouge designed to investigate the conditions under
which the same fault region may rupture in slow-slip events or in sequences exhibiting both slow and fast
ruptures. We use a servo-controlled biaxial shearing apparatus (Figure 2a) to study the effect of normal stress
and, in turn, the effect of the stiffness ratio on fault dynamics. Our configuration uses double direct shear
(Figure 2a) with layers of granular quartz sheared between rough forcing blocks at a constant normal load
and a controlled shear loading velocity of 10 um/s (Giorgetti et al., 2016) (ref. supporting information). In
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Figure 2. Laboratory faults fail in a range of modes. (a) Double direct shear arrangement with two gouge layers sandwiched between three forcing blocks. (b) Peak
shear stress progressively increases with applied normal load. Expanded view between vertical black lines is shown in (d). (c) Stress drop during an event is
used to categorize slip events. Inter-event time, the difference of the times corresponding to the maximum shear stresses of consecutive events, is used to
determine event periodicity. (d) Regular single-peak shear stresses are observed from 15 to 17 MPa, and double-peak shear stresses are detected at higher stress.
At 25 MPa, the events have larger magnitude single-peak shear stresses.

agreement with friction theory (Gu et al., 1984), the stiffness ratio, k/k,, controls the fault slip behavior,
where k is the system stiffness and k. is the critical rheological stiffness of the gouge layer derived from
velocity step experiments. If the stiffness ratio is larger than one, faults undergo stable creep. If the ratio is
close to one, faults fail in slow-slip events, and if it is less than one, fast ruptures occur. Because the
variations in normal load modulate the stiffness ratio (ref. Equation 1 in supporting information), we
impose incremental changes in normal load to investigate the transition from slow slip to fast ruptures.

Under relatively low (15 MPa) and relatively high (25 MPa) normal loads (Figure 2d), the gouge fails quasi-
periodically with a single style of failure. At intermediate loads, between 16.4 and 23 MPa, the frictional
interface fails with a variety of modes characterized by stress drops and slip velocities (Figures 2d and S2).
The parameter space around the stable/unstable transition is explored in detail. For normal stresses of
13.6 to 25 MPa the stiffness ratio ranges from =1 to 0.6. The peak shear stress, stress drop, and slip rate
increase systematically with the applied normal load (Figures 2d and S2). We categorize the range of rupture
styles using stress drop (Figure 2c) and slip velocity (Figure S2).

To characterize periodicity and to differentiate quasiperiodic slow-slip events from slow and fast rupture
sequences, we use the ratio of the time since the previous event to the time to the next event (Figure 2c), also
called the pre-event to post-event time ratio (Figure 3). If the time intervals of the consecutive events are
equal, this ratio becomes one, and the events are periodic. If the intervals are different, the ratio deviates
from one, and the events exhibit period doubling. We found that quasiperiodic slow-slip events originate
around 15 MPa (Figures 3a and 3b) with k/k. ~ 1, slip rate ~ 100 um/s, and stress drop < 0.4 MPa. The labora-
tory fault exhibits complex cycles at intermediate loads (17-23 MPa, k/k.: 0.87 to 0.64, Figures 3c-3h) and
fast slip at 25 MPa (Figures 3i, 3j, and S2d) with k/k. = 0.6, slip rate > 1.5 mm/s, and stress drop > 1 MPa.
At 17 MPa (k/k. = 0.87), we find complex behavior where the slip rate during failure alternates above and
below 0.5 mm/s and stress drop fluctuates between 0.4 and <1 MPa (Figures 3c, 3d, and S2b).
Importantly, at 23 MPa (k/k. = 0.64), another behavior occurs, where the fault zone exhibits slow and fast
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Figure 3. Emergence of quasiperiodic slow slip and complex sequences of slow and fast rupture. (a and b) Slow events are observed at low stresses (15 MPa).
(c-h) Consecutive slow-slower and alternating slow-fast rupture modes emerge at intermediate normal stresses (17 to 23 MPa). (i and j) Fast events slip
periodically and are observed at high stresses (25 MPa). The events are categorized based on the direct measurement of stress drop and time derivative of
displacement during the event. The changes in the stress drop (Figure 2c) and slip rate (Figure S2) show the transitions in failure modes. Red shows larger
stress drop, and blue shows smaller stress drop. The pre-event to post-event time ratio, a ratio between time since previous event and time to the next event,
is used to characterize periodicity in the inter-event times. If the time intervals are equal, this ratio becomes one, and the events are periodic. The ratio
deviates from one for period-doubling events, which indicate distinct source characteristics between successive slip events. Deviations in pre-event to
post-event time ratio show the variability and complexity of the sequences.
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ruptures with slip rate oscillating above and below a threshold slip rate of 1.5 mm/s and stress drops fluctu-
ate between 0.4 and >1 MPa (Figures 3g, 3h, S2c, and S3c).

We assemble the results of 14 laboratory experiments, each conducted at a constant normal load, that illu-
minate five distinct behaviors: (1) stable sliding at 13.6 MPa, (2) quasiperiodic slow slip from 14 to
15.4 MPa, (3) variable inter-event times and low slip rates from 16.4 to 22 MPa, (4) variable inter-event times
and slow to fast slip events at 22 and 23 MPa, and (5) fastest slip rates (upper end-member) at 24 and 25 MPa
(Figures 4a and 4b). The separate regimes of slow and fast slip are consistent with previous laboratory studies
(Leeman et al., 2016; Scuderi et al., 2016). However, with a normal stress change of ~8 MPa, the fault seg-
ment exhibits stark difference in mode of rupture from quasiperiodic slow slip at g,, = 15.4 MPa to slow-fast
ruptures at o, = 22 and 23 MPa (Figure 4b), demarcated by two distinct bifurcations.

Quasiperiodic slow events emerge close to the slow-slip bifurcation whereas the slow-fast mode switching
with complex intervals appears close to the dynamic-slip bifurcation (Figures 4b and 4d). The slip events
at intermediate normal stress tend to become more dynamic as the normal load approaches the dynamic-slip
bifurcation. The consecutive time intervals become increasingly equal, and the ratio converges to one, lead-
ing to quasiperiodic fast slip. Overall, in laboratory data, the pre-event to post-event time ratio diverges from
1 to ~1.7 and converges back to 1, revealing bifurcating patterns that merge near slow-slower rupture
sequences (Figure 4b), but the underlying mechanisms for this transition remain unclear.

3. Numerical Simulations

We seek a deeper understanding of the bifurcations that results in quasiperiodic slow slip and slow-fast
sequences by developing numerical models of the seismic cycle, expanding on previous work that identified
consecutive slow and fast slip on a single asperity (Veedu & Barbot, 2016). To explore the continuity in the
slip mode transitions and to leverage the existing modeling infrastructure (Barbot et al., 2012; Lapusta &
Liu, 2009), we consider a finite planar fault with homogenous friction embedded in an infinite elastic space.
A circular velocity-weakening patch is placed within the surrounding velocity-strengthening region
(Figure S4a). The model geometry is therefore slightly different from the laboratory setting. We model slip
cycles using the boundary integral method, and different types of events originate depending on the nuclea-
tion size k" relative to the slip patch size R (Figure S4). We broaden this picture by exploring the model para-
meter space around the stability transition to unravel how the progression from quasiperiodic slow slip to
slow-fast rupture operates.

The numerical simulations reveal bifurcations with five distinct rupture styles (Figure 4d), similar to that of
the laboratory findings (Figure 4b), despite the difference in geometry. The slip rate from the center of the
patch (Figure S4) transits through all the possible slip modes, depending on the normal stress. In all experi-
ments, the variability in stress drops and inter-event times could be caused by development or evolution of
shear fabric that accrues over multiple slip cycles (Figure S3). We have also explored the parameter space for
semi-infinite faults in a two-dimensional approximation and have not found a similar transition. We con-
clude that this behavior is sensitive to the details of the patch geometry and is a hallmark of fault dynamics
near the stability transition for finite faults.

4. Explanation for the Period-Doubling Slow and Fast Ruptures and the
Decrease in the Recurrence Time Ratio

The pre-event to post-event time ratio of the bifurcating pattern in numerical simulations is also comparable
to the laboratory findings (Figures 4b, 4d, and S5). The pre-event to post-event time ratio diverges from 1 to
1.8 and converges back to 1 in numerical simulations, whereas the peak ratio is ~1.7 before converging back
to 1 in laboratory findings. To further understand the bifurcation pattern and the transition from slow to fast
rupture, we explore the effect of Poisson's ratio on the pre-event to post-event time ratio (Figure S6). We
understand the slow and fast rupture cycles as a spontaneous phenomenon originating in three dimensions
on finite faults from two coexisting stability conditions for Mode II and Mode III ruptures, which may differ
based on Poisson's ratio. For relatively small Poisson's ratio (0 < v < 0.13), the stiffness of Mode IT and Mode
III cracks are similar and the slow-fast rupture cycles are suppressed. Poisson's ratios from 0.135 to 0.25 allow
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more distinct stability conditions for Mode II and III ruptures, resulting in slow-fast cycles throughout the
stability transition.

Further exploration of the dependence of the bifurcation pattern on physical parameters shows strong influ-
ence of loading rate on the pre-event to post-event time ratio (Figure S7a). We also found that the other para-
meters (normal stress, characteristic slip distance, asperity size, asperity shape, and the ratio of friction
parameters a and b) have no comparable influence. At 3 cm/yr loading rate, the pre-event to post-event time
ratio rises from 1 at 45 MPa to 2.65 at 50 MPa and, subsequently, reduces to 1 at 54 MPa, resulting in a peak
ratio of 2.65 (Figure S7b), which is 1.6 times much larger than in the laboratory events (~1.7, Figure 4b). At
500 cm/yr, the ratio rises from 1 at 45 MPa to 1.8 at 48 MPa and then reduces to 1 at 52 MPa (Figure S7c).
However, the model does not capture the maturation of the laboratory sample during the initial stage of
shearing. For the peak ratio to depend on the loading rate, the duration of some phases of the seismic cycle
(e.g., nucleation and afterslip) must have a much weaker sensitivity to loading rate than others (e.g., inter-
seismic locking).

5. Discussion

Our study characterizes the physical conditions leading to cycles where slow and fast rupture styles alter-
nate. In laboratory experiments, period-doubling events are reported in fine-grained quartz (Leeman et
al., 2016, 2018, Scuderi et al., 2016; Tinti et al., 2016). In these studies, the stiffness ratio is the main control
for the type of instability; that is, period doubling is close to the stability transition. But some differences in
the slip behavior are due to the degree of localization, grain size, and fabric development (Scuderi et
al., 2017). Studies have shown that normal stress and fluid pressure affect the evolution of friction and the
stability transition (Leeman et al., 2018, 2016; Scuderi & Collettini, 2018; Scuderi et al., 2017) and that higher
sliding velocity plays a role in lowering friction (Leeman et al., 2018). Several laboratory experiments
(Blanpied et al., 1995; Boettcher et al., 2007; Niemeijer & Collettini, 2014; Okazaki & Katayama, 2015;
Saffer & Marone, 2003; Tesei et al., 2012; Verberne et al., 2015) have shown the role of temperature on the
evolution of the rate- and state-dependent friction parameters in a range of materials (granite, olivine, clay
minerals, serpentinite, and calcite).

A further step is to associate the laboratory/model predictions to fault zone structure (Behr et al., 2018;
Collettini et al., 2019; Fagereng et al., 2014) and environmental condition (Huang & Meng, 2018; Ito et
al., 2013; Radiguet et al., 2016) diagnostic of this type of fault slip behavior. Several structural geologic studies
show exhumed fault zones, for example, mélange shear zones, with characteristics that can be connected to
slow-slip events (Fagereng & den Hartog, 2017; Fagereng & Harris, 2014). Field studies on exhumed subduc-
tion complex with dehydration-induced rheological heterogeneity indicate sources of slow slip and deep tre-
mors (Behr et al., 2018). Field and microstructural studies have shown presence of switches between ductile
and brittle deformation and the possibility of slow slip near the transition zone of subduction interfaces
(Angiboust et al., 2015).

The relationship between microfracture damage zone and fault displacement is shown in structural studies
(Faulkner et al., 2010; Mitchell & Faulkner, 2009). The deformation process occurring within fault structural
domains influences the stiffness of the surrounding medium (Trippetta et al., 2017); hence, it may modulate
the stiffness ratio toward a stability transition. Distributed deformation in interconnected networks of
phyllosilicates has also shown drop in friction (Collettini et al., 2019).

Laboratory studies show that high Poisson's ratio in rocks is typically measured for anisotropic rocks (Wang
etal., 2012) and highly fractured rocks at high pore fluid pressure (Pimienta et al., 2018). These observations
may suggest that highly anisotropic fault zones and/or near-lithostatic pore pressure conditions in highly
fractured fault zones may potentially host slow slip and slow-fast rupture cycles.

Individually occurring slow slip or dynamic slip may be inferred from geological settings, but recognizing
alternating slow-fast patterns may prove more difficult, due to the possible overprinting of the evidence of
a slow-slip signature by that of a dynamic slip. Paleo-seismologic and structural geologic studies on the
occurrence of slow-fast slip behavior are yet to be conducted, opening a possibility to unearth such phenom-
ena from natural faults.
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6. Conclusions

In summary, we suggest that the occurrence of quasiperiodic slow slip in certain regions (Gardonio et
al., 2018; Gomberg et al., 2010) and earthquake preceded by slow slip in other cases (Graham et al., 2014;
Huang & Meng, 2018; Ito et al., 2013; Kato et al., 2016, 2012; Meng et al., 2015; Radiguet et al., 2016; Ruiz
et al., 2017; Socquet et al., 2017) may be associated with where the physical conditions surrounding a fault
segment fall relative to the two bifurcations around the stability transition. In a laboratory setting, the bifur-
cations between stable sliding and regular earthquakes occur when the stiffness of the fault zone approaches
a critical value (i.e., in laboratory, k/k. between 1 and 0.64). In numerical models of finite faults, the bifurca-
tion occurs when the asperity size is close to a characteristic nucleation size (i.e., h'/R between 0.80 and
0.59). Understanding the emergence of slow and fast rupture cycles may help us better characterize the pro-
pensity of faults for seismic hazards. Direct application of these findings to natural faults is complicated by
the presence of additional morphological and rheological heterogeneities, but our results imply that fault
segments with normalized nucleation size h'/R < 0.6 may generate seismic hazards as their slip cycles
include fast ruptures.
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