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Abstract

Earthquake sequences in nature are complex, exhibiting a range of magnitudes and slip behaviors.
In contrast, earthquake-like instabilities generated on frictional faults in the laboratory and in
continuum numerical models are usually quasi-periodic with a smaller range of magnitudes and
durations. The discrepancy, especially apparent for cm-sized samples used in lab friction
experiments, has been attributed to complex multi-fault interactions in nature and heterogeneities
in stress state or strength of seismogenic faults. Here, we provide another explanation by combining
laboratory experiments and numerical models of fully deformable faults that show complex rupture
sequences and fully confined slip events. We observe complex rupture sequences even on simple,
initially homogeneous faults ranging from a few centimeters, in the lab, to tens of kilometers in
numerical models. Our results show that self-generated heterogeneities on lab faults can produce
slow and complex ruptures that may be fully confined on mm-scale faults, challenging the long-
held idea that such lab faults fail only as rigid blocks. We also document complex behaviors
including aperiodicity and significant variability in rupture properties over short timescales due to
local, self-generated heterogeneities in stress and friction strength. Our simulations show that the
ratio of fault zone thickness to the critical slip distance, Dc, controls the observed failure mode,
with wider shear zones and larger Dc giving rise to slower slip events. We demonstrate (a) that
complex rupture behaviors can arise even on initially homogeneous faults, and (b) that the same
fault may accommodate a spectrum of earthquake slip modes at different scales.

Introduction

Earthquakes are frictional instabilities usually described by constitutive relationships
linking the evolution of fault frictional strength with fault slip rate and slip history (/,2). In nature,
earthquake sequences are often complex and exhibit a range of slip speeds, durations, and
magnitudes, all within a given geologic setting and over comparable timescales (3). This
complexity is usually attributed to multi-fault interactions during earthquake sequences (4,5) and
the highly heterogeneous nature of crustal faults with spatially varying distributions in stress, fluids,
lithology, and fault geometry (6,7,8). This interpretation is further bolstered by observations of
quasi-periodic frictional instabilities or ‘stick-slips’ in the laboratory (9,/0) and continuum
numerical models of earthquake cycles (11,12,13,14) which exhibit a narrow range of event sizes
and recurrence intervals in uniformly homogeneous faults over a range of initial and boundary
conditions. However, a limited number of multi-cycle earthquake simulations (/5,76,17,18) and
large, meter-scale friction experiments (/9) have documented that homogeneous faults can also
exhibit complex rupture behaviors without the presence of external heterogeneities when the fault
dimension is sufficiently larger than some characteristic length-scale determined by constitutive
laws governing frictional slip or due to spontaneously developing stress heterogeneities.

Here, we demonstrate that initially homogeneous elastic faults can exhibit complex rupture
behaviors such as confined ruptures for a wide range of spatial scales without externally imposed
heterogeneities. Our lab results are explained by numerical results showing that complex rupture
behaviors can arise even on initially homogeneous faults through spatially coherent stress
heterogeneities that develop naturally during repetitive seismic cycles.

We utilize our numerical model to introduce a framework for scaling the critical slip
distance (Dc, a characteristic length scale of frictional slip) with fault zone thickness and the degree
of shear localization, as has been observed in the lab (20). Geologic studies of fault zones also
document the role of shear localization, and our models provides a direct link between localization,
fault zone compliance, and strain rate. By incorporating an explicit dependence of Dc on fault zone
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thickness, our numerical models reproduce the full spectrum of tectonic slip modes, from stable
creep and slow slip events to fast earthquakes, at different scales on the same homogeneous fault.

The critical slip distance (Dc) in the context of rate-state friction represents the slip required
to reset the frictional memory of sheared microscopic contact junctions (or asperities)
(20,21,22,23). Friction experiments on rough and planar faults including cases with wear material
(known as fault gouge) 1-10 mm wide where strain localizes over 10-100s of microns (20) yield
Dc values of 1 to a few hundred micrometers (2,24,25). For shear within finite-width fault zones
(or fault gouges), which are more realistic representations of mature earthquake faults than planar
cracks, Dc may be a proxy for the thickness of the zone, H, where shear strain is localized
(16,20,25,26). This interpretation is further supported by field studies showing that slow slip tends
to occur in complex, wide shear zones (27,28,29).

However, the implication of a likely relationship between Dc and fault zone thickness for
the range of tectonic slip modes, from aseismic creep and slow slip to dynamic ruptures, is unclear,
especially as numerical models of earthquake rupture generally approximate fault zones as elastic
cracks of zero thickness (/3,17). Direct observations of the thickness of fault zones indicates a
range of process zone widths and the possibility that structures of different sizes may host different
slip styles within the same fault zone (27,28,29). This introduces the possibility that the same fault
could have different effective critical length scales depending upon the scale of deformation and
strain localization. A major stumbling block for progress in understanding earthquake nucleation
and the spectrum of fault slip behaviors is that detailed lab experiments to measure friction
constitutive properties on samples larger than a few cm in size are rare. Moreover, numerical
models for elastodynamic rupture are usually unable to resolve fault patch dimensions less than one
meter, which is much larger than those indicated by lab experiments using the gouge particle sizes
found in nature. Here, we circumvent this issue through a numerical model that simultaneously
incorporates variations in Dc with fault zone thickness while accounting for possible spatiotemporal
variations in fault slip. We integrate observations of lab faults with numerical models of km-scale
faults and structural observations of shear zones to illuminate the importance of Dc for tectonic
faulting, as a constitutive property rather than merely as a convenient fitting parameter. We focus
here on Dc within the framework of rate-and-state friction (RSF). However, similar definitions of
breakdown distance exist for other friction constitutive relationships, such as for the linear slip
weakening law (30), and thus the framework we propose may be more widely applicable.

Results
Complex ruptures in homogeneous experimental and numerical faults

We generate a finite-width fault zone model (see Methods-Numerical model) that is
intended to mimic laboratory friction experiment to demonstrate that complex frictional instabilities
arise spontaneously on simple and homogeneous mm-scale faults. The lab earthquakes (stick-slip
events) occur on faults of area 5 cm x 5 cm containing quartz gouge (see Methods-Friction
experiments) which is externally loaded via an elastic spring. Both the laboratory friction
experiment, henceforth referred to as the single direct-shear (SDS) experiment, and the numerical
model include a single fault/shear zone of finite thickness (3 mm) being sheared at a prescribed
loading rate (and strain rate) at a constant effective normal stress (Fig. 1a, b). While small-scale
laboratory experiments are often described as a single-degree-of-freedom (SDOF) rigid spring-
block slider (37), our results challenge this view. Our numerical model is composed of a deformable
mesh of elastically interacting SDOF nodes which represents fault patches that interact with an
external spring and with each other elastically and via radiation damping (Fig. 1b) (12).

Our lab and numerical results show small-scale rupture dynamics that are typically
unmeasured in standard laboratory rock friction experiments, except in rare cases (e.g. 32). Our
SDS lab experiment was performed at 21 MPa effective normal stress, which is close to the critical
stability boundary separating stable from unstable frictional sliding (0.95 < k <I; where x is the
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ratio of fault stiffness & to critical stiffness K.) (9,33,34). Far below the stability boundary, lab
earthquakes are quasi-periodic (nearly constant and highly predictable recurrence interval) or
sometimes bimodal (alternating between two recurrence intervals, also referred to as period-
doubling) (9,34). Very close to the stability boundary, complex and apparently aperiodic frictional
behavior has been documented (Fig. 1c) (9,10,34,35) although its origins are poorly understood.
Part of the complex pattern of small and large lab earthquakes seen in Fig. 1c has been attributed
to deterministic chaos or complex behaviors associated with two (or more) interacting state
variables or slider blocks describing the fault surface (/5,16,36,37,38,39). In this context,
deterministic chaos refers to frictional behavior that is apparently aperiodic, i.e, irregular in time,
but highly sensitive to initial loading conditions. Here, we focus on the long period modulation of
labquake stress drops (Fig. 1c). These events show systematic changes in stress drop that grow and
then decrease over several cycles in a repeated manner (Fig. 1c). Whereas the variations in stress
drop with slip rate are predicted by RSF laws, this long period modulation of labquake stress drop
is not understood. We verified that these are not a byproduct of our shear configuration by
reproducing them in both SDS and double direct shear loading configurations. They have also been
documented in previous experiments (9,10,24,40). Here, we utilize this highly non-linear
parameter-space of the SDS experiments to compare to the numerical model since it represents a
strong test of the model’s ability to well-reproduce the dynamics of lab faults, and by proxy, the
internal interactions within the deformable fault model. The frictional and elastic properties used
in the numerical model, along with the source of the values used are given in Supplementary Table
S1.

For two different loading rates (4 um/s and 13 um/s), the numerical model matches the lab
data and reproduces similar variations in the average stress drop over time (Fig. 1c, d). Moreover,
the absolute values of stress drops averaged over the 5 cm long fault, slip durations, recurrence
intervals and co-seismic slip amounts are equivalent for the SDS experiment and model
(Supplementary Fig. Sla,b). The model predicts the same relationship between slip and labquake
duration (Supplementary Fig. S1a) as the lab data. The slight differences in fault slip and stress
drop may be because fault slip in our SDS experiments is not measured directly but estimated from
an assumption of rigid block spring-slider (Equation 1) which overpredicts slip. In the SDS
experiments, we measure the fault-averaged shear stress directly at the load-point, i.e., top of the
central forcing steel block using a load cell, whereas in the numerical models, the stress drop is
averaged across all nodes that experience slip during a rupture (See Methods). Minor differences
between the lab and numerical results notwithstanding, the model well-reproduces the overall
dynamics of the lab experiment. This demonstrates that the elastic and frictional parameters
estimated from our lab experiments and used in the numerical model, are appropriate to describe
the mechanics of experimental frictional instabilities.

The numerical model reveals the existence of a complex spatiotemporal evolution of slip
events (Fig. 2a and Supplementary Fig. S2). These data show numerous confined ruptures that
migrate along the fault at 0.1 — 1 mm/s. Although the fault experiences elevated slip rates during
these instabilities, the peak slip rates are only 1-3 orders of magnitude higher than the loading rates
(4 or 13 pm/s), indicating that these ruptures are self-propagating, quasi-dynamic events. They are
relatively slow even though the fault experiences local slip rates of up to 1 mmy/s. The frictional and
elastic properties of the model, derived from friction experiments on quartz gouge (Supplementary
Table S1, G = 200 MPa, o,7¢= 21 Mpa, b-a = 0.0031, Dc = 1.8 um), can be used to estimate the
critical nucleation patch size (L.) for these ruptures, which represents the size of a quasistatic slip
patch that is just large enough to initiate dynamic runaway and unstable sliding (/7,33,47). The
theoretical estimate of L. for our model is ~5.5 mm and this matches the length/spatial extent of
the confined ruptures (Fig. 2a and Supplementary Fig. S2). This indicates that such ruptures,
occurring near the frictional stability boundary, do not span the entire fault even in the small,
relatively rigid samples used in our lab experiments, which have a well-developed shear zone. This
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is surprising and challenges the long-held assertion that small (< 10 cm) experimental faults slip as
rigid blocks (9,37). Although we do not directly observe rupture propagation in the laboratory
experiment due to the scope of experimental design (visualizing rupture propagation will require
transparent layers or ultrasonic tomography), a recent study (42) has confirmed that such confined
ruptures on 5 — 10 cm long faults may be observable in clay gouges over a limited range of boundary
conditions.

Observations of the evolution of slip rate and shear stress at different locations along the
fault in the numerical model (Fig. 2b) further clarify the complex nature of these ruptures. At a
given location along the fault, the events are highly aperiodic and variable in size (stress drop, peak
slip velocity, slip duration) with a combination of short periods of aseismic creep, creep transients,
slow slip and fast ruptures all within a short timespan (< 100 s in Fig. 2b). Our lab and numerical
observations suggest that these behaviors arise from self-generated heterogeneity and short-range
elastic interactions between migrating ruptures modulated by residual prestress from previous
ruptures. We cannot directly measure such transients and confined slip events in our 50 mm lab
fault due to a lack of along-fault instrumentation. However, the numerical model provides an
explanation for the occurrence of complex friction behaviors and the likely existence of migrating,
confined ruptures along the mm-scale lab faults when the fault stiffness is comparable to the critical
stiffness. This mechanism requires neither the use of additional state variables (37), nor explicit
heterogeneities (/6,/7) in the fault to produce complex aperiodicity; instead, the stress
heterogeneities are intrinsically produced (Supplementary Fig. S3) as a result of the initial
conditions and evolution of fault properties, i.e., via frictional memory of strain history.

Discussion
The destabilizing effect of increasing normal stress

Existing lab studies (9,10,19,34) and our results demonstrate that the full range of slip
modes from slow and complex to fast can be produced on a single fault, with no change in friction
constitutive properties, by varying the normal stress. At lower normal stresses where the effective
fault weakening rate is close to the critical frictional stiffness K., the model produces stable creep
and quasi-periodic vibrations (Fig. 3a, 3b). As the normal stress is increased, we document an
increase in aperiodic and complex slip behavior with a range of stress drops, slip speeds, durations,
and varying degrees of partially confined ruptures (Fig. 3a, 3c), indicating that some degree of
frictional memory in the strain history manifests as implicit stress heterogeneities in an otherwise
homogeneous fault. Finally, at sufficiently large normal stress, we document periodic, rigid block-
like behavior, as is typically expected for small mm-scale faults (Fig. 3a, 3d) (9).

This can be directly observed by documenting the stress state along the fault before and
after multiple ruptures for the 21 MPa and 32 MPa simulations (Supplementary Figs. S3, S4). At
lower stresses where confined ruptures and chaotic frictional behaviors are documented, the stress
heterogeneities are small relative to the background shear strength and pervasive across the fault.
This creates numerous rupture nucleation sites and adjacent barriers (Supplementary Fig. S3).
Conversely, the high normal stress simulations are marked by a relatively uniform stress state
across the fault prior to rupture, except at/near the rupture nucleation site which has a large stress
heterogeneity (Supplementary Fig. S4). The uniformly high stress state along the propagation front
allows the rupture to propagate over the entire fault.

The destabilizing behavior of normal stress in our mm-scale numerical models is consistent
with experimental observations of stick-slip instabilities in fault gouge which exhibit an increase
in fast ruptures at higher normal stresses (9,24). This is because the fault is far from the critical
stability boundary at higher normal stresses (9,33). However, the degree of complexity is
significantly greater near the transition from stable creep to unstable frictional motion (Figs. 1-3).

Scaling of Dc with fault zone width and loading rate
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Using the numerical model of the mm-scale lab experiments, we conduct a series of
earthquake rupture simulations (Fig. 4a) to explore multi-scale fault slip complexity. We use the
same fault frictional and elastic properties (Supplementary Table S2) and explore fault thicknesses
that range over five orders of magnitude (1.5 km to 15 cm). By fault thickness, here we refer to the
width of the zone over which accumulated shear strain may be distributed (/5,43), and make the
assumption that strain is distributed uniformly over this thickness. Starting with the largest fault,
we also vary Dc from 2 um (for the 15 cm thick fault) to 20 mm (for the 1.5 km thick fault) and
correspondingly the fault thickness (from 15 cm to 1.5 km) which, in turn, along with the far-field
(plate) velocity modulates the strain rate at which the fault is loaded. Changing the fault zone
thickness, and indirectly, compliance and strain rate, with Dc allows us to test the hypothesis that
faults of different scales/sizes may have different critical frictional weakening distances associated
with them. Across the suite of simulations, we ensure that the ratio of fault thickness (H) and Dc
(or L.), and all frictional/mechanical parameters remain constant. In other words, each numerical
model represents a fully homogeneous fault with a different thickness such that H/Dc is constant.
The values of Dc used allow the faults to remain close to the critical stability boundary (k~ 1) so
that we document slow earthquakes at all scales although the rupture source properties may vary.
Here, we define slow earthquakes as those with maximum slip rates not exceeding 100 times the
value of the far field plate motion, consistent with the distinction made in previous numerical and
lab studies (9, 44). Further, varying fault length with Dc ensures computational efficiency, since
the timestep sizes depend on Dc (see Methods — Numerical model).

We drive the largest fault simulation at a representative convergent margin plate rate of 10°
? m/s and drive each subsequently smaller simulation at a far-field rate approximately equivalent to
the peak slip rates for the next largest fault, i.e., an order of magnitude higher than the far-field rate.
The rationale here is that progressively smaller faults or narrower shear zones embedded in larger
fault zones may experience elevated strain rates (a) intrinsically by virtue of being thinner and (b)
by concurrently being driven at higher-than-plate-rate during a slow transient or SSE (29). This
means that across the simulations, the fault experiences strain rates from 10 -10°s", i.e., a two-
order of magnitude jump in strain rates between successively smaller fault models.

The slow and fast ruptures simulated in our numerical models have seismic moments (M)
in the range of 0.1 — 10'® Nm (M,,, from -6 to 5) and characteristic slip durations (T') ranging from
102 —10° s (Fig. 4a). This corresponds to events in nature that can be detected geodetically such as
slow slip events (SSEs) and seismically (e.g., Low frequency earthquakes — LFEs, very low
frequency earthquakes — VLFEs etc.) (45). It also represents events that are difficult to identify due
to detection limits of existing sensors. In the absence of surface signatures of crustal deformation
or seismic radiation in our models, we calculate slip duration and moment differently than for
natural earthquakes (see Methods — Estimation of rupture properties in the numerical model). Each
of our model scenarios produces several ruptures (>100) and overall, the rupture duration is directly
related to the seismic moment in a logarithmic sense (Fig. 4a). For the same elastic and frictional
properties, slowly driven faults with wider shear zones, and therefore larger values of D¢, produce
SSEs. Conversely, narrower faults with smaller Dc experience elevated strain rates and produce
faster and smaller events with slip durations that resemble VLFEs and LFEs (Fig. 4a). The largest
events produced in our models are SSEs that last for ~30 years, consistent with long-duration SSEs
that may silently accommodate shallow slip deficit globally (46,47). The ruptures simulated in this
study have significantly smaller moments than observed for natural ruptures. This is because (a) of
the smaller fault lengths we have adopted (for computational efficiency) and (b) our model fault
has no along-strike resolution. Thus, the seismic moments are significantly underestimated
compared to natural slow-motion ruptures which have larger spatial dimensions (48).

Apparent differences in the moment-duration scaling for slow vs. fast earthquakes has been
a longstanding discussion (49). One idea is that slow earthquakes represent different physical
processes and scaling between M and T for slow ruptures is linear (M « T) whereas it is cubic for
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elastodynamic ruptures (M o T3). Existing lab work shows that the same physics and frictional
processes can explain the full spectrum of slip modes. Our results also indicate that slow and fast
slip modes occur via the same mechanisms and do not require different rupture mechanics. This is
consistent with recent observations of SSE properties in Mexico (50), Cascadia (5/) and San
Andreas (52), which indicate that SSEs and other slow earthquake modes also follow a cubic
moment-duration relationship. Numerical models of SSEs with size-dependent rupture velocities
and stress drops also reproduce the cubic scaling relationships (18).

In our numerical study, there exists an approximately cubic relationship between M and T
as M « T3 within each model (Supplementary Fig. S5), whereas the overall trend across the suite
of models more closely follows the relationship of M « T. The cubic relationship within a model
arises as a direct consequence of the linear relationship between the rupture length (Lyyp), coseismic
slip (8), and T (Supplementary Fig. S6a,b). Because we calculate the rupture area as that of a
circular patch of diameter Ly, the moment released is proportional to L%up and because slip scales
with Ly,p, moment scales as duration cubed. Further, the average rupture velocity (V) is
apparently independent of M although the events exhibit a moment dependent variation in stress
drops (Supplementary Fig. S6c,d). This further supports our explanation of these complex events,
i.e., arising due to elastic interactions and associated prestress heterogeneities rather than different
frictional/mechanical processes (/8).

Our results suggest that the linear scaling of M o« T could be an artefact (52) of combining
different slow slip modes (such as SSE, Episodic Tremor and Slip — ETS, VLF, LFEs etc.) from
plate interfaces around the world, and that the spectrum of tectonic slip modes likely follows similar
frictional mechanics. Further, geological studies show that shear band thickness scales directly with
the mean grain size in granular shear zones, with the scaling factor being dependent on initial grain
size distribution (20,53). Therefore, the apparent linear scaling of M « T could additionally be due
to the direct relationship between shear zone thickness, grain size, and Dc. Alternatively, the linear
scaling between M and T could represent an upper bound on the speed of slow earthquake modes
which are thought to propagate via stress diffusion, i.e., local or nearest-neighbor stress interactions
(54) which are well-captured by our numerical models.

A spectrum of tectonic slip modes at different scales

Both slow and fast earthquakes have been observed to occur (spatially co-located) on the
same fault (7,45,55). Our lab experiments and numerical models provide an explanation for such
observations. We show that even in the absence of externally imposed or geometric heterogeneities,
some combination of self-generated stress heterogeneities over multiple earthquakes, variations in
the degree of slip localization, and slip localization at multiple scales within the fault zone are
sufficient to reproduce these slow slip modes on the same fault (Fig. 4b). If one follows a line of
constant H/L. (or H/Dc) from the widest to the narrowest fault (Fig. 4b) with progressively
increasing background strain rates, we find a family of slow earthquakes (pathway I in Fig. 4b),
1.€., SSEs on the wider shear zone, LFEs and VLFEs on the narrower more localized shear zones
(Fig. 4c). Physically, this represents a hierarchy of complexities at different scales in fault zones,
i.e., families of narrower shear zones that act independently or in a coordinated fashion through
anastomosing, geometrically complex interactions (7,8,27,28,29,56) within a wider fault zone. The
zone of active shear is likely strain rate dependent, thus faults with wider zones of active shear may
localize strain in a different way than rougher, narrower fault zones to produce families of faults
that are self-similar (Fig. 4c). However, not all fault zones host slow earthquakes at the same depth
range — for example, slow slip occurs at shallow depths on the northern end of the creeping section
of the San Andreas (52), and others such as the locked, shallow portion of the Cascadia margin may
exclusively be home to infrequent dynamic ruptures (57). Still others, such as the northern
Hikurangi margin are home to SSEs and microseismicity but no detectable LFEs, VLFEs or tremors
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(58). In the laboratory, such hierarchical, multi-level degrees of complexity in rupture behaviors
have been reported extensively, usually in the form of slow stick-slip instabilities at the centimeter
scale and acoustic emissions at the micro- to nanometer scales (8§ and references therein).

The framework proposed here allows the existence of all these scenarios because the only
intrinsic assumption is that Dc (and by proxy L.) encodes information about strain localization such
that H/L, is of order 1. If the critical patch size, L., becomes larger than fault zone width, H, for
progressively smaller faults within a main fault zone, it may be energetically unfavorable for the
nucleation of tremorgenic slow earthquakes (pathway ii in Fig. 4b). This scenario produces km-
scale SSEs with no associated LFEs or VLFEs on smaller fractures. This would physically represent
a fault zone where deformation is distributed at the smaller scales with few or no mature, well-
localized fault strands. Conversely, if L. reduces faster than H for smaller faults (pathway iii in Fig.
4b), the main fault zone may creep or host long-term SSEs, and thinner fractures may host
microseismic events or infrequent dynamic earthquakes. Physically, this implies that the dynamic
ruptures and microseismicity may be accommodated on mature and well-developed slip planes
within the fault zone and the slow transients (and SSEs) are accommodated across the entire fault
zone thickness (e.g., 28).

Additionally, our choice of constant H/Lc is computationally convenient and faults in
nature may not be as well-behaved. In reality, Lc likely enjoys a highly non-linear relationship with
the zone of active shear deformation (solid grey curve in Fig. 4b) but the general spirit of our
framework remains unchanged. Moreover, although we modulate L. in our suite of simulations by
changing Dc, other mechanical and frictional properties could also affect H/L.. In nature, these
variations in H/L. could occur in space and/or time. For example, seamount subduction is likely
to cause stress heterogeneities with higher-than-expected normal stress downdip and stress shadows
updip of the seamount (59). Dc increases with effective stress (/,2) and L. is inversely related to
effective stress, which may vary H/L. along the subduction plate interface and affect the scale-
dependence of slip behavior (pathway i, ii, iii or some combination thereof in Fig. 4b) at different
locations along the plate interface. We also note that in our simulations, the different fault length
scales exist separately and there are no explicit spatial or temporal feedbacks between the different
length scales. Future studies that expressly simulate ruptures in a complex fault zone containing
anastomosing structures over numerous length scales (Fig. 4c and the synoptic view presented by
ref. 28 in their Fig. 6) may provide additional insights into how active fault structures interact over
different length and time-scales.

Phase space responses similar to that documented in Fig. 4b have been observed in elastic
half-space models of earthquake rupture (/6,60) where the bifurcation between creep and fast
seismic events is controlled by the ratio of the fault dimension along shear slip and the critical
nucleation dimension. However, in our models a shear zone thickness (H) which modulates loading
behavior is explicitly incorporated. This implies that the competition between loading and RSF,
i.e., H/Lc, controls the range of observed slip behaviors (/5) and provides a direct connection to
the strain rates, slip modes, and associated shear structures observed in crustal fault zones.

Lithological and structural heterogeneities have been documented in exhumed faults
associated with SSE hosting subduction settings (28,61), and through direct observations of shallow
SSE source material (7). Moreover, field geological observations (7) (Fig. 4d), frictional studies
(25) and numerical models (62,63) indicate that brittle failure of competent lenses in a ductile
matrix of weak phases are especially conducive to the generation of both shallow and deep SSEs
and slow creep transients. How this related to other slow earthquake modes such as LFEs and
VLFEs remains an open question. Within the broad slow earthquake fault zone structure, tremors,
LFEs and VLFEs could result from the brittle breakage of competent lenses (64) while well-
developed slip zones extending for many kilometers may accommodate dynamic ruptures (28).
Ultimately, the presence of heterogeneities and structural complexities at all scales (Fig. 4b,c,d) is
captured in our framework through a careful consideration of tectonic strain rates and the quantity
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H/L. (Fig. 4a). Individual faults/fractures with a broad range in the degree of localization and
compliance make up natural fault zones, and this diversity in fault maturity can allow a range of
tectonic slip styles at different scales. Taken together, our laboratory and numerical models imply
that the same fault zone or ‘patch’ may be capable of hosting complex slip behaviors including
slow and fast slip without explicit requiring external heterogeneities. However, such
heterogeneities likely enhance complexities observed in nature and allow these complexities to be
sustained over a broad range of geological conditions (5,6,7,8,18,65).

Methods
Friction experiment:

The laboratory friction experiments were performed in a biaxial testing apparatus at Penn
State. In this setup, a packed layer of quartz powder (Min-U-Sil 40, US Silica) with mean particle
size of 10 pm was sandwiched between two grooved steel forcing blocks (Fig. 1a). The smaller,
fixed block had a nominal contact surface area of 5 x 5 cm? and this area was kept constant for the
duration of the experiment. A servo-hydraulic piston applied a fault normal stress (21 MPa). A
second servo-hydraulic piston applied a constant velocity (4.3 or 12.9 um/s) to the longer (moving)
block to shear the simulated fault zone. The moving block slid against a mirror-smooth steel block
further lubricated with Molykote grease. Our calibration experiments show that the lubricated
surface has friction <0.01, thus all of the frictional variations reported here are for the quartz gouge.
The apparatus was destiffened by means of an acrylic spring in series with the shear load so that
frictional stick-slip instabilities could be observed (44). Experiments were carried out at room
temperature (24 °C) under 100% relative humidity to ensure reproducibility.

During an experiment, normal stress, normal displacement, shear stress and load-point
displacement were continuously measured at 10 kHz and averaged to 1 kHz for storage. Stresses
were measured using calibrated full-bridge strain gauge load cells (resolution of +5 N) and
displacements were measured at the load point, i.e., at the piston rather than at the sample, using
direct current linear variable differential transformers (DC-LVDT) with a resolution of £0.1 pm.
Initially, the sample was sheared at 12.9 um/s for 10 mm, and the shear stress was fully unloaded
and reloaded to promote creation of the shear fabric that yields steady state shear and to measure
the loading stiffness (k) for the experiment. Subsequently, the fault was sheared at 12.9 um/s for
~43 mm and at 4.3 pm/s for the remaining displacement (Supplementary Fig. S7).

Because we did not have a direct measurement across the fault, we determined fault slip
by approximating the configuration as a 1-dimensional spring-block slider. Then,

T= k(le - Vslip) (1)
Here, 1 is the rate of change of shear stress with time, Vj;, is the load-point velocity and Vg, is the

fault slip rate. Fault slip, 8;;;, in this framework, is the integration of Vg,;;, over time. Stiffness, k,
for a stick-slip instability is the slope of the linear portion of the increasing shear stress per unit
displacement (Supplementary Fig. S8). We calculate the amount of slip for a single stick-slip
instability during the friction experiment as the slip experienced between peak stress at the onset
of instability and the minimum stress at the end of the instability (Supplementary Fig. S8).

Numerical model:
Fault gouge momentum conservation:

We develop a model to understand spatiotemporal variations in shear displacement over a
fault zone of finite thickness (Fig. 1). We treat the gouge as an elastic media of shear modulus G,
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length L and thickness H. The model is inspired by the continuum version of the Burridge-Knopoff
model (39) and the continuum fault zone model of (75).

Our model is driven by a constant driving velocity, ug at the top and bounded at z = H by
a frictional surface that obeys a single-state variable rate-and-state friction constitutive equation
with the Aging (Dieterich) law for state evolution (/,2,60) (Fig. 1b). We solve the force balance
using the Fast Lagrangian Analysis of Continua (FLAC) algorithm (/4,63,66,67). We study the
case where shear displacements in the x-direction vary linearly with depth z. We do not consider
compaction or dilation of the material so displacements in the z-direction are only those due to
elastic deformation within the fault zone. Displacements within the fault zone vary with position
and time and are given by:

u(x,z,t) =uy + % (u(x, H,t) —ug). 2)

where u, is the loading velocity and u(x, H, t) is determined by the balance of elastic and frictional
forces at z = H. Frictional resistance on surfaces internal to the layer are not considered. The
surfaceatz = H obeys rate and state friction (27,22,68). Each point on the fault surface at x; moves
with velocity V; in the x-direction. The fault zone is two dimensional and discretized in the x-
direction into a grid of equidistant nodes that are spaced Ax distance apart. We do not consider out
of plane forces or displacements. We consider horizontal (shear) deformation in the x-direction for
adjacent points x, and x_ which results in a shear stress, g,,, between the two points x, and x_

the gouge as:
Uy (x,2 t) —Ug

O (x,2,)=G( )+ g(e(xJ,,Z, t) —e(x_,z1t)) (3)
In equation (3), (x4, z, t) and e€(x,, z, t) represent the elastic strains induced in the fault surface
at x; due to neighboring points at x;; and x;+; respectively, and E is the Young’s modulus of the
fault gouge. To determine time variations in position and velocity due to the elastic interactions
within the fault gouge, we must conserve momentum and balance the forces caused by differential
shear motion of each elastic particle within the fault gouge using Newton’s law (Fig. 1b). We write
Newton’s law in the fault gouge as the wave equation over the thickness of the gouge:

H . 0%u(x,zt) H 0%u(x,zt)
Jo 6—mdz=f p—5—dz 4)
p is the density of the material in the layer. Since the displacement varies linearly with depth within
the fault according to equation (2) we can write:

za u(th) H za u(x,z,t)
Integrating over z, we obtain a staternent about the propagatron of dlsplacements in the fault gouge:
0%u(xHt) _  0%u(xHt)
(5 = at? ©)

Note that G/p has the dimensions of Length’ x Time  and thus taking the square root yields

dimensions of velocity Length x Time”, which we call C; = +/G/p. This corresponds to the
maximum shear wave speed in the fault zone. We therefore solve the following boundary value
problem:

%u(xHt) _ 1 0%u(xHit) 7
axz  CcZ ot? )

6u(LH t)

du(0,H,t

(6x ) —0,
variations in shear stress at the bottom boundary are due to the interactions between the elastic
behavior of the gouge and the frictional behavior of the bottom boundary. To satisfy the bottom
boundary condition, for each element we evaluate V (x, H, t). The unknown V(x, H,t) = Vy(x, t)
is the slip velocity at the base boundary of the fault zone generated by the traction balance between

Substituting u(x,0,t) = uy, =0 and a rate and state surface at H,

10
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variations in elastic shear stresses g,,(x, H,t) = 7, of the fault gouge elements according to
equation (7), the elastic loading of each element the fault gouge, At;,,4 for loading velocity V7,
the rate-state frictional stress at the base of the fault, 7,5, and radiation damping,
Trq (11,12,13,66,67). The latest two terms represent forces that oppose motion generated by the
stress terms 7, and At;,,4. The traction balance is written as:
To + ATjoqa = Tra — Trs = 0 (7

Assuming elastic behavior in the gouge and ignoring Poisson’s ratio for convenience (E = 2G), the
shear stress balance can be re-written by combining equations (3) and (7) as:

7] ( t)
To = G(Eold + R ) - Trsf + Tra — ATload (8)

In equation (8), €,;4 is the accumulated elastlc shear strain up to the current time-step and the spatial
derivative of shear displacement includes elastic interactions from neighboring nodes in the

discretized fault zone grid. In each timestep, the strain history is updated as €pey = €o1q +

%(%_HHM We can expand and re-write equation (8) explicitly as

G(uo—un(x,t))

T = Gleon + == (A B (up(x + Ax, t) + uy(x — Ax, t) — 2uy(x,t))} = Tpsp + Tpg — -
)
The friction at the base of the fault gouge is:
Vi (xt) v,
rm=m4m+al(ﬂj)+bz(mﬂ (10a)
e ov;
P-1-2 (100)

where p, is a reference value of friction at velocity V;., gy, is fault normal stress and the parameters
a, b, and D, are empirically determined in laboratory experiments. Equation 10b describes the
evolution of a friction state variable that accounts for memory of past states. The term 6 is generally
thought of as the lifetime of sliding asperity contacts but it can also represent the porosity within a
granular fault zone (2,20,21,68). In addition to an explicit frictional shear resistance, we account
for energy lost via elastic wave radiation using a radiation damping term (/3):

G
Tra = 36 Va6, t) (an
Vi (x,t) and uy (x, t) are obtained by solving the following equation iteratively using the Raphson-
Newton method, since explicitly uy (x, t) = Vy(x, t)dt:
G(uo —uy(x,t))

Gleoa + 73 q

(uyg(x + Ax, t) + uy(x — Ax, t) — 2uy(x, t))} +

—“4W+“mc@gJ5 bl(%g] ;J@@@

(A )?

(12)

Fault gouge constitutive update and numerical scheme:

We determine the slip velocity at the base of the fault zone using Equation (12). The
displacement profile as a function of depth z in the fault gouge is then obtained using Equation (2)
and the shear stress 0,, is updated explicitly. Once the stress on the friction surface is updated, we
solve for elastic interactions within the layer as a function of position and time u(x, z, t) using
Equation (8).

For application to the laboratory experiments in our study, where slip velocities are slow
and accelerations are small, we use a quasi-dynamic solution of Equation 7 (13). We solve Equation

11
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7 using a Lagrangian formulation with a dynamic relaxation method (/4,63,66,67). Our method
uses a quasi-dynamic solution of the wave equation as a damped wave propagation problem for
Equation 7. We solve the problem on a mesh that discretizes the fault gouge (Fig. 1b). Stresses and
displacements are updated using time steps according to a displacement function u(x,z,t) and
Equations 9-12.

Because the deformation is linear-elastic in z, the displacement at every point (x, z, t)
within the fault zone is given by Equation (2). The non-linear nature of the rate and state
formulation for friction imposes the use of very small timesteps (/3) and explicit numerical
methods that are better suited to solve a non-linear wave propagation problem. To simplify the
numerical formulation and the rate/state friction law, we solve Equation 6 at explicit nodes i on the
fault surface (Fig. 1b) but still accounting for stress transfer and force balance everywhere within
the fault zone. Stresses are transferred within the fault zone according to the wave equation. We
solve for frictional displacement at each node i by applying Newton’s second law for the force F,
applied between all nodes and explicitly between nodes i-1, i, and i+1. The force balance is applied
independently on a staggered grid. To account for the force interaction on both sides of each zone
the solution is alternatively propagated forward and backward in space (Fig. 1b). That is, we use

both forward and backward propagating solutions:

ps % = F,(1-0.8sign(V))) and pfg—‘; = F.(1 - 0.8sign(V)) (13)

. T —Ti Ti—1—"Tj .
For clarity we define V,:=V and 7:=o0, and F, = ——- and F. = ——- with x; =
%41 =il loti—1—xil

> (x; + x;41) and similarly for x;, 4 and xj,1. The resulting alternate direction numerical scheme is

the following. To estimate the contribution of the force in the forward direction:
Fori=2,..,N

_ . E Ti—-1—Tj _ . a
Vit +de) = (o) + 55 (1 0.8SLgn(V,(t))) (14a)
To estimate the contribution of the force in the backward direction:
Fori=N,N-—-1, ..,2
Vi(t + dt) = Vi(t) + ﬂﬁ@ - 0.8sign(Vi(t))) (14b)

pr Ixis1—xil

The velocities at each node are then computed as V; = %(Vi + Vi;1) and the model node positions

are updated as x; = x; + V;dt to account for elastic deformation.

Consistency and stability of numerical scheme:
If we omit the radiation damping term of Equations 8 and 11, for clarity, the explicit

numerical scheme of Equation 14 can be rewritten as:
av;

Pf¥=F+_F— (15)
We can rewrite the velocity and forces in the elements as a function of displacement with 7; =
G 0u; Jatj du; . .. ..
;%, F = 6—1’ and V; = %. For simplicity of description (note that we solve the problem on a

staggered grid for improved resolution) we can describe this using a constant grid space Ax:

2
0°ui _ Tiy1~Ti _ Ti-1~Ti

'Dfmz Ax - Ax (16)

12
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0%ui _ Tig1—Ti-1 _ 1 JUigpa—Up Ui—Ug
Praee = mx _G[Ax[ Ax Ax ” (7)
R i i+1—2Uuijtu;—
pr S = G [P (18)
AsAx -0
azui 62ui
Proe = 05 (19)

Our numerical scheme is consistent with Equation 7. Stability is guaranteed by adaptive time
stepping following the Courant-Friedrichs-Lewy (CFL) condition (/3,69). The damping term to
critically reach quasistatic equilibrium is given as a damping force (66). In our solutions the
damping force is always small and on the order of up to tens of Pascals. Since the algorithm is
designed to provide the quasi-dynamic solution, the fictitious mass can be viewed as a set of
relaxation factors and these can be adjusted to optimize the speed of convergence (66). In our

formulation the time step is set by the maximum slip rate following /3:

1 D

At = EVSmax (20)

where V"% = maX(VS(x, t)). Assuming V"% = /G /pr, where G is Shear modulus for the fault

gouge, we can optimize the time step using the fictitious density given by:
G
Pr = O Gty /Do)? @D

where dx,,;,, is the smallest grid size at time t. We limit the slip velocity to the shear

velocity Cs. In that case the time step becomes:
1dxmin

At === (22)
and the fictitious density is:
G
Pr=a (23)

The resulting numerical scheme is stable using the dynamic time stepping scheme described above
(68), therefore it is convergent. Dissipation occurs in cases where inertial effects are dominant since
the scheme is second order.

Special case of the laboratory experiments:

For the laboratory experiment described in our study, elastic strain is experienced by the loading
system as a combination of both shear strain accumulation in the fault zone and compressional
strain in the elastic spring (PMMA) used in series with the vertical loading ram (Fig. 1a). That is,

Telastic Telastic

Epmma = —Gp s Egouge =~ o and  27Tea5tic = GpE€pmma + GEgouge> Gp and Ly being the

elastic modulus and the length of the PMMA spring, respectively. The stresses can be treated in an
additive sense here as the areas associated with force transmission, i.e, the cross-sectional area of
the elastic spring and the nominal contact area of the fault zone being sheared are equal (25 cm?).
Therefore, we have:

1 Gp(uload_uo)
Telastic = E

+ Gp(Vload_Vo)dt + G (uy(x,t)—up) ++ G(VH(x,f)_Vload)dt} (24)
Ly Ly H H

where u, is the load point displacement of the loading system, and u;,,4 is the displacement
associated with the PMMA spring. If the spring is fully coupled with the rigid shearing plate, u;qq4

13
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corresponds to the displacement of the 1* node in the mesh, u;,,q = ;. The constitutive update
becomes:
l{Gp(uload_uo) + Gp(Vipaa—Vo)dt + G (ug(x,t)—uo) + G(V(x,t)=Vipaa)dt
2 Ly Ly H H

} —Tra —Tra =0
(25)
After obtaining Vy(x,t), we can explicitly update the fault gouge momentum balance using

Gp(Vo—Vipaa)dt + 6(Vipaa— Vu(x,t))dt
Ly H '

Equation 12, substituting [% (uo — uy(x, t))dt] by [

A fault patch can only nucleate an instability (earthquake, slow transient etc.) if the size of the
frictionally unstable (velocity-weakening) portion of the fault patch exceeds a critical nucleation

length, L., given by (71)
Le=sgrs— (26)

on(b—a)max

The model resolution is governed by the cell/element size, Ax, which is usually selected such that
the critical nucleation length, L. (or sometimes referred to as h*) and the cohesive zone, A, are

resolved by at least 3 elements (/3). The cohesive zone, A, is estimated for our fault as
91 GD,
AO =
32 boy

27)

For all of our simulations, the critical nucleation length (L.) and cohesive zone (A,) are resolved
by at least 3 FLAC grid elements to ensure that our model represents a continuum system and that
the complex ruptures are not a product of insufficient mesh resolution (72).

Estimation of rupture properties in the numerical model:

Our numerical model accounts for the spatiotemporal evolution of fault slip in our lab
experiment. In particular, we resolve spatial variations in fault slip over the lab seismic cycle that
are not described by the rigid-block, spring-slider model typically assumed in friction experiments.

We estimate rupture properties such as average slip (8), rupture area (A), rupture duration (t, 2
maximum slip rate (v,,,4,) and average stress drop (AT) for a given slip transient (slow or fast) in
our numerical model based on the space-time evolution of mechanical and frictional properties.
First, we identify a rupture as a minimum of two cells where the space-time evolution of slip
velocity exceeds the background loading rate, i.e., v(; ) > 1, where i and ¢ represent the mesh
element label and time respectively. In this study, we only consider confined ruptures and do not
estimate the properties of partially confined or fault-spanning events. Confined ruptures in this
context satisfy the criteria 1 < { < N and tgpin_yp <t < tenqg Where tgpin_yyp 1s the amount of
time required for the initial loading and model spin-up, and t,,q is the simulation end time. Then,
the average slip, 5, associated with a rupture/event is
5 = Zou
Nlyyp
where §; ¢ is the slip in any space-time cell, and Nyyp is the total number of space-time cells

(28)

associated with a rupture.

The rupture area, 4, is calculated from the rupture length assuming a circular rupture patch
in our 1-D fault model. The rupture length is calculated as the maximum distance that the rupture
has propagated, and this value is used as the rupture patch diameter to calculate A. The rupture

14
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duration, t, , is similarly calculated as the total time for which a portion of the fault has experienced

elevated slip rates during a rupture. The maximum slip rate, v;,,4,, for a rupture is the highest slip
rate experienced by any space-time cell during the rupture.

We calculate the average stress drop, AT, as the difference between the maximum and
minimum values of spatially averaged stress, over time. In other words,

_ iT . iT
AT = max {Zz_l} — min {Zz—l} (29)
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Figure 1. Comparison of numerical model with friction experiment of granular shear. (A)
Experimental setup for frictional shear under a constant normal stress. The fault gouge is sheared
between two forcing blocks by driving the longer block at a velocity of Vy4¢e. (B) Numerical
model of the friction experiment where the fault zone is represented by a mesh of elastic elements
that sit on a fixed substrate. An elastic spring of length L,, and elastic modulus G, (not pictured)
loads the top of the fault zone at (0,0) at a constant background velocity, which in turn loads the
slipping interface. At the frictional interface, the elastic loading stresses () are balanced by the
rate-state frictional stress (), inter-element force balance, and radiation damping (7,.4).
Evolution of the average shear stress in (C) the experimental fault and (D) in the numerical model
for two different driving velocities for normal stress of 21 MPa.
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Figure 2. Space-time evolution of earthquakes in the numerical model. (A) Rupture evolution
along the fault showing individual slow ruptures migrating in space and time. Deep purples
represent locking (slower than driving rate) and deep greens represent coseismic slip (faster than
driving rate). The coseismic phase (green) may be more easily seen in Supplementary Fig. S2
which is linear in timesteps (rather than time). Note that slip events nucleate in several places and
propagate in both directions. (B) Local slip velocity and (C) shear stress evolution for several
locations (see colored dots in A). Note that slip velocity and local stress evolve independently at
the locations and show complex evolution of individual slow and fast slip events.
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Figure 3. Role of effective normal stress on rupture behavior in the numerical model. (A)
Increasing normal stress from 16 MPa to 32 MPa shows progressively more and larger complex
ruptures. Space-time(-step) evolution of multiple rupture sequences at (B) 20 MPa effective
normal stress shows migrating slow ruptures that are either fully or partially confined to the 50
mm fault, (C) 26 MPa effective normal stress shows complex sequences of slow and fast ruptures
with no discernible migratory trends, and (D) 32 MPa effective normal stress shows full-fault
ruptures with no clear nucleation, i.e., rigid-block behavior. Deep purple colors in the slip rate
contour plots (B-D) indicate locked patches, white color indicates creep at velocities close to
background loading rates, and green indicates fast/coseismic slip in space or time.
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Figure 4. Unifying framework for the spectrum of tectonic slip modes. (A) Characteristic
duration, T, increases with magnitude, Mw, as T3 « M,, for families of simulated earthquakes
colored by fault zone thickness, Dc and driving velocity. Red to blue lines are cubic fits to the
corresponding cluster of circles. Grey cluster represents model results for the parameters of our
friction experiments and filled green boxes are values constrained from geophysical
measurements of SSEs, LFEs, VLFEs etc. (49). Pink and gold regions respectively represent
clusters of slow earthquake phenomena (T « M,,) and regular earthquakes (T3 « M,,) populated
by (49). Our model produces the full spectrum of slip behaviors by assuming that Dc (and by
proxy L.) encodes information about strain localization. (B) Relationship between fault zone
width, H, and key parameters dictating fault stability and mode of sliding. In our model, H

23



non-peer reviewed preprint submitted to EarthArXiv

decreases as shear becomes increasingly localized and the loading fault strain rate, y, increases.
The critical slip distance, Dc, decreases with strain localization and this produces families of
earthquakes with a particular slip mode from fast to slow. Paths (i), (ii) and (iii), and the grey
curve represent relationships between H and L. as one moves across spatial scales for a range of
initial values of fault length, width and Dc. The relevance of these paths are discussed further in
the text. Panel (C) shows a model fault zone that well represents our suite of ‘nested’ numerical
models where strain is accommodated at different scales and degrees of localization. This
produces different styles of instabilities (see Fig. 3). The colors of each suite of numerical models
in (A), from red to blue, corresponds to the values of H and Dc used for each model as shown in
(C). (D) An example from the exhumed Chrystalls Beach Complex where sandstone lenses are
embedded in a mudstone matrix. Strain has localized in the matrix and an S-C-like fabric has
developed (61).
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Figure S1. Source properties of ruptures in lab experiments and numerical models. (A) Rupture
properties of duration, slip and stress drop. Note that long duration, slow, events have smaller slip
and stress drop than short duration, fast events. Panels B and C show slip event duration as a
function of fault slip, averaged over the fault surface, and average stress drop. Note that both the
lab data (purple) and numerical model results (green) show a complex range of slip event modes
ranging from fast to slow with faster events showing larger stress drop and greater fault slip.
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Figure S2. Space-time evolution of ruptures in the numerical model. Each line shows the
spatial distribution of fault slip velocity with velocity highlighted by color. Slip events are
highlighted by patches of a given velocity (color) that abut locked regions or patches slipping at
lower (higher) velocity. Ruptures evolve along the fault over multiple timesteps and show
individual slow ruptures migrating in space and time. Fault slip colors use a logarithmic scale
defined by the ratio of fault slip rate to background driving rate. Deep purples represent locking
(slower than driving rate) and deep greens represent coseismic slip (faster than driving rate).



- - -
@ = e »
© IS o ES

Fault-averaged shear stress (MPa)
@
(=]

non-peer reviewed preprint submitted to EarthArXiv

>

3-4 1 1 1 1 1 1 1 1
950 1000 1050 1100 1150 1200 1250 1300 1350
B Time (s)
0-7 T T T T
0.69 -
0.68 -
3
c
L0671
Q
fr
0.66 -
mmmm [nitial friction
= Pre-rupture friction at time t =977 s I
0.65 - = =Post-rupture f-ric-tion atAtime t=979s PR—
= Pre-rupture friction at time t = 1346 s
= = Post-rupture friction at time t = 1351 s
0-64 1 1 1 1
0 10 20 30 40 50

Along-fault length (mm)

Figure S3. Numerical model results showing shear stress and friction averaged over the fault
plane at a fault normal stress of 21 MPa. (A) Note that fault stress and slip event character (see
Fig. S1A for event properties of stress drop and duration) exhibit complex aperiodicity including
long period modulation of stress drop. (B) Spatial heterogeneity in average fault friction for 5
times ranging from an initial value before slip (black line) to pre/post values for two slip events.
The pre- (solid lines) and post-rupture (dashed lines) spatial distribution of friction for driving
velocities of 4 um/s and 13 pm/s are given by the blue and red curves respectively. Colored boxes
in (A) show the approximate locations (in time) of the corresponding curves in (B).
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Figure S4. Numerical model results showing shear stress and friction averaged over the fault
plane at a fault normal stress of 32 MPa. (A) Evolution of fault-averaged shear stress with time
for multiple ruptures in the numerical model and (B) Spatial heterogeneity in shear stress
(reported as friction coefficient) immediately before and after a representative fault-spanning
rupture. The pre- (solid line) and post-rupture (dashed line) spatial distribution of friction are
given by the red curves. Colored box in (A) shows the approximate location (in time) of the
corresponding curve in (B).
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Figure S6. Source properties of ruptures in the numerical model. Each set of models is
defined by a fault zone width (H) and friction distance Dc as shown in Figs. S1-S3. Note that (A)
Rupture-averaged slip and (B) rupture length increase roughly linearly with slip event duration
for a given model and for a range of models. Panels (C)shows that rupture velocity has no
apparent dependence on moment for a given numerical model whereas progressively larger
moment events produce lower average rupture velocity. Finally, note that for a given numerical
model (D), the fault-averaged stress drop increases with moment, while for a range of fault zone
widths, stress drop is independent of moment. Colors follow marker legends in Fig. 4.
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Figure S7. Data for laboratory SDS friction experiment p5206. Note that the evolution of
shear stress with (A) time and (B) load-point displacement shows the initial elastic loading and
the onset of slow frictional instabilities at two different loading velocities. Inset to panels (A) and
(B) show sections of slow frictional instabilities at the two loading velocities.
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Table S1. Elastic and frictional properties used to simulate the laboratory friction experiment

Name

| Value

| Source

Elastic parameters

Shear modulus of gouge, G

200 MPa

Friction experiment p5206

Acrylic spring elastic modulus, G, | 5.33 GPa Friction experiment p5206
Bulk modulus of gouge, K 1 GPa (D)
Density of gouge, p 1600 kg/m’ (1)
Fault thickness, H 3 mm Friction experiment p5206
Acrylic spring length, L, 80 mm Friction experiment p5206

Frictional parameters

Base friction, g 0.64 2)

Frictional stability, a-b -0.0031 2

RSF parameter, b 0.012 2)

Characteristic slip distance, Dc 1.8 pm 2

Boundary conditions

Effective normal stress, 0¢f¢ 21 MPa Friction experiment p5206
Loading rate, vpqte 4 um/s, 13 pm/s Friction experiment p5206
Fault length, L 5 cm Friction experiment p5206
Mesh size, Ax; L/50 -

Table S2. Elastic and frictional properties used in the suite of fault zone models

Name | Value
Elastic parameters
Shear modulus, G 10 GPa
Bulk modulus, K 22 GPa
Density, p 2650 kg/m’

Fault thickness, H

15cm, 1.5m, 15m, 150 m, 1.5 km

Frictional parameters

Base friction, g 0.64
Frictional stability, a-b -0.004
RSF parameter, b 0.012

Characteristic slip distance, Dc

2 um, 20 pm, 200 pm, 2 mm, 20 mm

Boundary conditions

Effective normal stress, 0, ¢

21 MPa

Fault length, L

50 cm, 5 m, 50 m, 500 m, 5 km

Mesh size, Ax;

L/50
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