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Earthquakes occur in clusters or sequences that arise from complex triggering
mechanisms, but direct measurement of the slow subsurface slip responsible
for delayed triggering is rarely possible. We investigate the origins of com-
plexity and its relationship to heterogeneity using an experimental fault with
two dominant seismic asperities. The fault is composed of quartz powder, a
material common to natural faults, sandwiched between 760 mm long poly-
mer blocks that deform the way 10 meters of rock would behave. We observe
periodic repeating earthquakes that transition into aperiodic and complex
sequences of fast and slow events. Neighboring earthquakes communicate via
migrating slow slip, which resembles creep fronts observed in numerical
simulations and on tectonic faults. Utilizing both local stress measurements
and numerical simulations, we observe that the speed and strength of creep
fronts are highly sensitive to fault stress levels left behind by previous earth-

quakes, and may serve as on-fault stress meters.

Earthquakes are thought to rupture seismic asperities—sections of the
fault that are stronger and more unstable than their surroundings
either due to fault friction properties', geometry, or from locally high
normal stress®*. However, slower slip in the surrounding, weaker fault
sections likely controls earthquake processes such as aftershock pro-
duction, triggering, and days-to-decadal interaction between large
earthquakes*®. This slow slip can propagate in the form of fronts that
separate relatively locked and creeping fault sections’. We broadly
classify these slow fronts as “creep fronts”. They exhibit slip speeds
(<1mm/s) and propagation velocities (<10 m/s) orders of magnitude
slower than the dynamic rupture fronts that characterize regular
earthquakes. Recent theoretical and numerical studies of such fronts
have been applied to slow, post-seismic slip (afterslip) of large
earthquakes®® or their relation to underground fluid injection and
induced seismicity'°™. The above models suggest that creep fronts
typically slow down and attenuate as they propagate, with maximum
slip velocity about four orders of magnitude slower than their

propagation velocity. They can transfer stress over distances that are
larger than those expected by static coseismic stress changes'. While
common in models, creep fronts have not been observed directly at
seismogenic depths, but are seen in surface creep data", and inferred
at depth from the migration of seismicity associated with fluid
injection™®" and natural tectonic processes™'*?. Slow slip events, often
accompanied by tectonic tremor and low-frequency earthquakes® %,
may be a spontaneously nucleating form of a similar slow process.
Other studies of similar slow phenomena**? have focused on
explaining observations from laboratory experiments®®** of slow
fronts that precede sliding of a frictional interface, similar to slow
fronts long observed in association with the nucleation of dynamic
rupture®®’,

Heterogeneous fault properties that give rise to seismic asperities
and interacting slow fronts are now widely recognized as crucially
important for earthquake physics. Heterogeneity can influence fault
strength and stability in complicated ways*®. It is thought to increase
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the likelihood of slow earthquakes®™™¢, and it strongly influences

earthquake initiation*>*>° and termination*>*, and can therefore
control the intensity, location, and magnitude of an earthquake,
respectively.

Here, we report on multi-cycle interaction between slow fronts
and seismic asperities leading to complex sequences of fast and slow
laboratory earthquakes.

Results

We have designed a large-scale laboratory experiment (Fig. 1a) where
fault slip occurs within a shear zone composed of powdered quartz,
known as a gouge. Quartz gouge friction is well characterized by the
rate- and state-dependent friction (RSF) equations*? that underpin a
huge class of numerical models, increasingly used to help explain
earthquake behavior ranging from specific earthquake sequences to
whole catalogs of seismicity*’. Recent RSF modeling studies** on a
homogeneous fault of length W identified two nondimensional para-
meters that characterize fault behavior: 1: R, = W/h*, where h*=2D.G’/
(mon(b —a)) is a critical elasto-frictional length**, and 2: R, = (b—a)/b,
which describes the acuity of frictional weakening behavior. In the
previous expressions, G’ = G/(1 - v), v is the Poisson’s ratio, oy is normal
stress, G is the shear modulus, D, is the characteristic weakening dis-
tance and b and a are second-order RSF parameters*’. With accumu-
lated shear strain, granular gouge and fault rock evolve from velocity
strengthening to velocity weakening friction and D. decreases®. As a
result, R, increases as h* diminishes***, shown by the gray arrow in

Fig. 1b (see also Supplementary Fig. 1 and Supplementary Table 1).
These changes are due primarily to shear localization rather than
reduction of particle size. Scuderi et al.*® described this as an evolution
from distributed deformation throughout the gouge layer to localized
deformation along fault parallel shear planes, and showed evidence for
comminution and grain size reduction. We expect similar behavior in
our experiments since they utilize identical gouge layers (see “Meth-
ods”). The changes in friction increase R, and cause the sample to
transition from steady creep to progressively more complex behavior
(Fig. 1b), consistent with RSF models**. The categories of fault behavior
in R,-Ry, parameter space in Fig. 1b are based on the homogeneous
model of Barbot*. Similar results were obtained by Cattania*®. Our
sample with heterogeneous properties, described below, produces a
qualitatively similar behavioral progression to the homogeneous
numerical simulations***%, but at lower R, levels.

RSF parameters are determined from laboratory experiments on
small samples treated as a single-degree-of-freedom (SDOF)
system*>***’ but our sample, like tectonic plates, behaves as a
deformable continuum. In our experiments, the fault gouge is held
between two 760 mm-long blocks of poly(methyl methacrylate)
(PMMA), a glassy polymer about 15 times more compliant than rock
(Gpmma =1 GPa, Gk =15 GPa). PMMA and other compliant materials
are frequently utilized for earthquake rupture experiments®?****° in
part because of their small h* compared to rock. They have only
recently been combined with geologically realistic fault gouges® %'
that compact, strengthen, and evolve with continued shear slip. Our
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Fig. 1| Experimental system and evolution of earthquake behavior. a Diagram
of the sample loaded with hydraulic cylinders C1-C5. 8 slip sensors (S1-S8) are

color-coded: forcing end (A1, red) to leading end (A2, blue). b In our experiment,
friction properties evolve with continued shear strain (Supplementary Table 1

and Supplementary Fig. 1) and chart a path (gray arrow) through R,-Ry, space

that transitions from steady creep to more complicated behavior. Magenta

circles denote locations of four examples shown in Fig. 2. ¢ Sample-average
friction coefficient . Annotations mark unload-reload cycles (i) and holds (ii)
where the sample rested in essentially stationary contact. d Maximum and
minimum slip rate at either end of the sample (Al and A2) plotted every Al stick-
slip cycle. e Al recurrence time T
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Fig. 2 | Examples of sequences from four displacement intervals showing a
progression from simple to complex. Data from the experiment of Fig. 1. Sample-
average friction (black) and slip rates (colors) at 8 locations from Al (red) to A2
(blue) (see Fig. 1a for locations). a Slow slip events grow on Al while A2 slips steadily
(x_p =13 mm). b Identical, periodic seismic ruptures on Al with slowly evolving slow

slip events on A2 (x,p=17 mm). ¢ A bifurcation wherein A2 oscillates between
progressively faster (annotated f) and slower (s) events (x.p=19 mm). d Complex
sequences with variable recurrence interval, stress drop, and slip rates on Al and A2
(X p=23 mm).

work demonstrates that this combination can be used to make a rea-
listic scale model of earthquake interactions, including post-seismic
slip and triggering. The sample behaves like 10 m of rock (760 mm*
Grock/Gpmma = 10 m). Similar sequences on 3 m rock samples®>*°, show
primarily characteristic events with far less complexity. SDOF labora-
tory experiments achieve complex behavior only by tuning stress and
friction parameters to match the resonance of the loading machine
and do not include spatial variations in behavior over the sample
dimensions*®*’%, Here, however, such spatiotemporal complexity is a
natural result of the fault length and its frictional properties and
heterogeneity.

Evolution from simple to complex

In this work, the gouge layer is prepared with uniform initial thickness
and composition and loaded with 10 MPa average normal stress oy
(Methods). We shear the sample at a constant rate of 6 um/s, to
roughly simulate tectonic loading, and we measure the increasingly
complex behavior that naturally develops as a function of cumulative
fault slip x.p. The experiment exhibits two main seismic asperities at
the forcing end (Al, x=0) and leading end (A2, x=0.76 m) of the
sample (Fig. 1a). We describe the sample ends as seismic asperities
because they are more unstable than their surroundings. The

asperities have locally high oy due to a mechanical edge effect com-
mon to biaxial sample configurations®** (Supplementary Fig. 2). This
causes them to accumulate higher shear stress (Supplementary Figs.17
and 18), and slip faster with greater stress changes than the center part
of the sample. The free surface at the end of the sample also reduces
their stiffness and enhances instability. Note that the above definition
is different from micron-scale junctions that compose a frictional
interface (e.g., ref. 56) that are sometimes also referred to as asperities.

The entire sample slips stably at first, then, at x;p =13 mm Al
begins to produce slow slip events that grow larger and faster while
A2 continues to slip stably (Figs. 1c, d and 2a). From then on, Al slip
events occur quasi-periodically with recurrence interval TA. We
catalog all events by measuring the maximum and minimum slip
velocities at both Al and A2 every T,* (Fig. 1 and Supplementary
Fig. 3). From x,p =13 to 19 mm, Al events grow progressively faster
with increasing shear displacement and begin to radiate detectable
seismic waves while their stress drops steadily increase. Stress
drops from Al events drive creep fronts that gradually become
more defined (Supplementary Fig. 4). A2 behavior transitions into a
set of slow slip events that become progressively faster (Figs. 1d and
2b), and the time delay between Al and A2 events steadily decreases
(Supplementary Fig. 5).
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numerical simulation to explore creep front triggering time from Al-to-A2, At***!
(note color scale) as a function of friction parameters that depend on a xp (see
Supplementary Table 1) and 1o, the initial stress for the region between Al and A2
(see Supplementary Fig. 11).

At x p =19 mm, A2 undergoes a bifurcation. A2 oscillates between
fast slip events (>10 mm/s) driven by fast creep fronts and slow events
(100 um/s) driven by more sluggishly propagating creep fronts
(Fig. 2c). After about 20 mm of cumulative fault slip, A2 events tran-
sition to more aperiodic and chaotic behavior (Fig. 2d). Creep fronts
are occasionally so slow and weak that a second Al event occurs before
A2 ruptures. In some cases, we observe creep fronts that propagate in
the opposite direction, from A2 to Al, to influence and in some cases
directly trigger subsequent Al ruptures (Supplementary Fig. 6). These
asperity feedback mechanisms increase the variation in both T
(Fig. 1e) and sample average friction coefficient p (Fig. 2d).

Creep fronts in experiments and numerical models

We describe the aseismic slip transients as creep fronts; however, they
are markedly different from the smooth fronts depicted by numerical
simulations (Fig. 3), described below. In the experiment, the creep
front includes transient increases in local slip rate due to smaller
events that rupture secondary asperities (Fig. 3a and Supplementary
Fig. 6). The gouge layer and plastic blocks were prepared as uniformly
as possible, but secondary asperities likely developed from small het-
erogeneity in the initial gouge distribution. Their spatial locations
persist over many stick-slip cycles (Supplementary Figs. 6 and 7),
similar to observations on natural faults”. Feedback between small
seismic events and the slow slip that links them? may produce creep
fronts that are more variable and complex than smooth numerical
simulations would suggest"'*", Furthermore, the peak slip velocities
and seismic radiation associated with the rupture of Al, A2, and sec-
ondary asperities grew stronger throughout the experiment, (Fig. 1d
and Supplementary Fig. 8), so we suggest that asperities develop
naturally as part of the evolving fault fabric and stress redistribution.
Previous work shows that higher oy causes a more rapid transition to
unstable friction behavior (smaller D., larger b-a) with continued
shear*®; thus, the structures that produced Al and A2 may also drive
changes to friction properties that reinforce them®.

To further study the creep fronts, we developed a set of numerical
models that probe delayed triggering at the laboratory scale. The
models utilize a 2D spectral boundary integral method with sponta-
neous initiation and fully dynamic rupture propagation (“Methods”).
Slip along the interface is governed by RSF. Our models are highly

simplified; we define the two asperities (Al and A2) as regions with
locally high shear stress, while normal stress and friction properties are
constant across the domain. As a result, the models are not used to
reproduce multiple cycles; each model’s initial conditions produce
only one rupture of Al and A2. The specific size and stress state of two
modeled asperities were tuned to yield spontaneous rupture of Al
followed by delayed rupture of A2 (Fig. 3 and Supplementary Figs. 9
and 10), but specific asperity characteristics likely differ from those in
the experiments (see “Methods”, Supplementary Figs. 11 and 12).

Despite their simplifications, the models provide insights into
how creep front speed is affected by friction properties and initial
stress levels. Keeping stress levels and geometry of Al and A2 constant
throughout all models, we studied the triggering behavior as a func-
tion of the shear stress level (1o) between the two asperities and
changes in friction parameters with shear of the evolving gouge layer
(Fig. 3g), which are well constrained by previous studies on gouge
layers of identical thickness and composition as those we study***’
(Supplementary Fig. 1 and Supplementary Table 1). The simulations
show that small changes in 1o (50 kPa or <1%) cause two orders of
magnitude variation in the average propagation speed of the creep
fronts. Fronts propagate faster at higher 1o, consistent with other
recent studies'*'>***, Furthermore, as the fault fabric develops, and
a-b and D, decrease and R, increases*, creep front behavior and the
isolated events at Al and A2 become increasingly sensitive to small
variations in stress levels (Fig. 3g). This is the likely reason for the
increasingly complex behavior observed late in the experiment,
despite highly periodic behavior early on (Fig. 1).

Local stress measurements

To directly test if laboratory creep front characteristics and triggering
times also show stress dependency, we repeated the experiment with
strain gages collocated with the slip sensors (S1-S8 in Fig. 1a) so local
shear stress could be monitored. This second experiment reproduced
all of the main characteristics reported above, with minor differences
(Supplementary Fig. 13). We observed that the passage of the creep
front is marked by a drop in local shear stress and a peak in slip rate
(Fig. 4a), consistent with numerical simulations®. We use the latter
feature to estimate the creep front velocity v = d/(At¥¢), where At7S°
is the creep front travel time between sensors S6 and S7 (Fig. 4a) and
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Fig. 4 | Creep front sensitivity to local stress. a Local shear stress changes (black
lines) derived from strain gages S1-S8 (Fig. 1a) alongside local slip rate (colors)
plotted on a log scale and offset by sensor location along the fault. Gray horizontal
dashed lines mark T, prior to the Al event (for black lines) and also mark a 10 m/s
slip rate reference line (for colors). Slip events begin at Al (note stress drop) and
attenuate as they propagate towards A2. Note the reduction in slip rate from S1-S8
and transition from stress drop (red vertical line) to stress increase that eventually

triggers slip at A2 (blue vertical line). b Stress changes over many cycles of Al events
(red vertical lines) and A2 events (blue) show progressive strengthening (at gage S1)
and weakening (at S6, S7). c-fFront velocities v.fand v, derived from parameters in
(a) (see text) are correlated with initial overstress At (stress relative to gray trend
lines in b), but exhibit little correlation with stress drop from Al events that initiate
them. Orange circles and red squares are data from different stages of the
experiment as shown in Supplementary Fig. 13, and R? are labeled.

d=0.1m is the distance between sensors. We also use the time delay
between Al and A2 events (At"**) to calculate the average triggering
velocity v, = W/(At**"), which depends on both the creep front pro-
pagation and A2 nucleation time, and is more comparable to creep
front speed inferred from migrating seismicity'®"’. These front pro-
pagation velocities v.r and v, range from about 0.1-1m/s and are
consistent with the range of slow slip propagation speeds inferred in
the Cascadia subduction zone***.

For the lab experiments, we compare creep front characteristics
to the initial overstress A1, not the absolute stress levels 14, since
different fault locations were observed to progressively strengthen or
weaken with cumulative slip (Fig. 4b). Overstress is the shear stress
level relative to the fault’s strength when sliding at a constant rate
(steady state). Over the course of an earthquake cycle or stick-slip
cycle, the fault transitions from being above steady state (prior to the
earthquake) to below steady state (just after an earthquake), and this
transition is facilitated by healing and breaking of frictional contacts®°.
We define Aty 19— Tss, Where T4 is a reference level that changes
linearly over time to match the long-term local strengthening or
weakening trend over >10 stick-slip cycles (gray trend lines shown in
Fig. 4b). Note that in the numerical models described previously 1 <
A1y, since initial slip velocity V;,; and other parameters are uniform
across the model.

Comparing many events from an experimental sequence, we find
that v¢r and vy, are both correlated with the estimated overstress Atg
prior to Al events (Fig. 4c, d), and that 20 kPa variation in Ato can cause
an order of magnitude velocity change, consistent with our numerical
models. In contrast, we observe little correlation between v¢r and vy,
and the stress drop of the Al events that initiated the creep front
(Fig. 4e, ).

The sensitivity to Ato explains the oscillatory behavior of the A2
bifurcation observed at x; p = 19 mm: stronger A2 events reduced stress
levels more significantly so the subsequent creep front propagated
slowly and triggered weaker A2 events. Weaker A2 events have smaller
stress drop and thus do not reduce stress levels as much, which primes
the fault for faster subsequent creep fronts and more rapid triggering
of stronger events. This relationship was also deduced from the
strength and timing of Al and A2 events (Supplementary Fig. 14), but
can be easily obscured by complex interactions between A2 and Al,
such as back-propagating creep fronts (Supplementary Fig. 6) that
affect the timing of Al events. In the above discussion, we refer to
“strong” events as those that slip faster, have larger total slip amount,
and have larger local stress changes. These parameters are directly
correlated for events with rupture dimensions less than =5 h* ref. 61.

Garagash'? showed that when creep front propagation distance L/
Ly, is small, the front velocity is affected by the hypocentral forcing,
which, in our case, is the stress drop of the Al event that initiated it.
When the front propagates farther (L/Ly, > =5), its speed and strength
become dominated by the initial fault overstress Ato, (Supplementary
Fig. 15). In previous expressions, L, =D.G’/(onb). In our experiments,
L, decreases with continued shear so L/L, increases. Earlier in our
experiments (X p <19 mm), the rupture of Al and A2 are synchronized"
and driven by Al. The sample behavior is highly regular. The A2
bifurcation occurs at x;.p=19 mm (Fig. 1d), likely due to a crossover
from hypocentral forcing-dominated creep fronts (L/L, <=5) to Atp-
dominated creep fronts (L/Ly, > =5), (see Supplementary Table 1). Thus,
later in the experiment (x.p>20 mm), the friction parameters have
evolved such that the triggering time of A2 depends more on Aty left
by previous A2 ruptures than by the Al events. The result is highly
variable sample behavior.
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The strain and slip measurements also help confirm expectations
from models (Supplementary Fig. 2), indicating that the fault sections
with high oy that create asperities Al and A2 are likely just a few cmin
size, near the sample ends. For example, the gradual drop in shear
stress and local maximum in slip velocity measured at S8 (at 575.20 s in
Fig. 4a) coincident with the passage of the Al-to-A2 creep front clearly
precede the rapid drop in stress (575.35s) associated with dynamic
rupture of A2. This suggests that the creep front passed by this mea-
surement location—3 cm from the leading edge of the sample—on its
way to the A2 asperity. Thus, A2 is likely smaller than 3 cm. Despite
such localized asperities, dynamic rupture and rapid postseismic slip
extends 20-30 cm (e.g., S1-S3 at 574.8 s in Fig. 4a), affecting the stress
levels in this larger region, similar to RSF modeling results’.

Discussion

Asperities are responsible for complex slip distributions often
observed within dynamic earthquake rupture; however, the asperity
interactions we observe involve both dynamic slip and slow fronts and
are likely relevant to faults that exhibit a mixture of seismic and
aseismic slip such as some subduction zones and mature plate
boundary faults****°, Our work utilizes a hybrid sample, whose
elasticity is controlled by compliant plastic forcing blocks but whose
friction is dictated by a shear zone composed of geological material
(quartz gouge). This creates complicated earthquake interactions at
length scales L > 5L, that would normally only occur on rock samples
10 m in length. The laboratory experiments demonstrate creep fronts
initiated by slip instabilities; the fronts’ hypocentral forcing is an
earthquake rather than fluid injection'®"? or a spontaneous slow pro-
cess such as earthquake nucleation or a slow slip event®>**%2, Many
properties of the fronts are consistent with numerical simulations and
theory®, including the linear relationship between maximum slip
velocity and propagation velocity (Supplementary Fig. 16). However,
the experimentally observed creep fronts are not as smooth or as
sharply defined and often include variations in slip rate due to het-
erogeneous fault properties (Fig. 3a-c). Also different from many
simulations, our creep fronts propagate in a mildly velocity-weakening
friction, similar to some inferences from subduction zones®. Our
observed front propagation speeds range from 0.1 to 10 m/s, broadly
consistent with slow slip speeds inferred from migrating tectonic tre-
mor sources®**, Some creep fronts detected on deep sections of the
San Andreas fault are triggered by seismic waves and propagate
somewhat faster (10-30 m/s)*. The higher propagation speeds and the
readiness for failure implied by such “triggerability” are both con-
sistent with a high fault overstress Atg, described below.

We find that outside a distance = 5L, from the location of hypo-
central forcing, creep front strength (maximum slip velocity) and
propagation velocity are extremely sensitive to fault stress levels in
excess of the steady sliding strength (fault overstress Atg). Our
experiments also demonstrate how small asperities can affect the
stress state in larger fault regions surrounding them (Fig. 4a). Thus,
creep front propagation speeds in the surrounding regions can be an
indicator of the conditions of the nearby asperities. Put simply, front
propagation speed is sensitive to a fault’s readiness to host an earth-
quake rupture.

Extending these ideas", we suggest that faults that are more
strongly velocity weakening and/or those with significant overstress
may host fast creep fronts that can quickly accelerate into subsequent
dynamic rupture and may only be identified seismically as a 1-10 s
pause between a triggering event and its (potentially larger)
aftershock®**. Faults that are strongly velocity strengthening will
produce creep fronts with more limited spatial extent®, where aspe-
rities act in isolation and are less likely to trigger neighboring earth-
quakes on days-to-years timescales’. Faults that are nearly velocity
neutral with modest overstress might host extended creep fronts that
trigger seismicity in a migrating pattern that can be observed over days

to weeks™®?°, For example, many slow slip events are detected in
shallow subduction settings where sampled material has been shown
to be nearly velocity neutral and contain phyllosilicates whose weak-
ness would limit overstress™.

Methods

Experiments

We study shear within a layer of quartz gouge separating a PMMA
moving block (762 mm x203 mm x76 mm) and a PMMA stationary
block (787 %152 x 76 mm) (Fig. 1a). The simulated fault is 762 mm x
76 mm with area A=0.0579 m> The gouge layer, composed of dry
MIN-U-SIL-40 99.5% SiO, grain size 2-50 pum mean size 10-15 pm, was
prepared 5 mm thick on the stationary block, placed at 95% relative
humidity for 24 h, then sandwiched between the PMMA blocks, loaded
into the apparatus, and compacted to 2.5 mm thickness. Small teeth,
1 mm deep with 1.1 mm spacing, were machined into the fault faces of
each PMMA block to ensure that the principal slip surface was within
the gouge layer rather than the plastic-gouge interface (Supplemen-
tary Fig. 18). Care was taken to ensure that the teeth and sample pre-
paration procedure were identical to previous experiments used to
measure friction properties and gouge microstructure*®*’. The sample
was loaded in a direct shear biaxial apparatus shown schematically in
Fig. 1a and used in previous studies®*®. Hydraulic cylinders C2-C5
(Fig. 1a) apply on =10 MPa, held essentially constant for the entire
experiment by closing a valve. Cylinder C1 shears the sample at a
constant rate of 6 pm s™. Slip between the PMMA blocks was measured
with 8 eddy current displacement sensors located along the length of
the fault at locations 30, 130, 230, 330, 430, 530, 630, and 730 mm
from the forcing end (Fig. 1a). Slip also occurs on a Teflon low-friction
interface (Wrefion ~0.1) located between C2-C5 and the steel loading
frame, and this redistributes shear stress from the forcing end to the
entire sample. Reported values of p correspond to pgouge Where
Hmeas = Hgouge + Irefion Was determined from the sample-average shear
stress T and oy, determined from hydraulic pressure. An array of four
piezoelectric sensors (Panametrics V103) glued to the PMMA, 38 mm
from the fault, detect vibrations (Supplementary Fig. 8). We conducted
a suite of experiments varying oy, gouge layer mineralogy, and loading
procedure (Supplementary Table 2) and report here on one repre-
sentative experiment on pure quartz gouge (QS04_021, Figs. 1-3 and
Supplementary Figs. 4-8 and 14) and a nearly identical follow-up
experiment (QS04_023, Fig. 4 and Supplementary Fig. 13) that included
strain gage pairs located 5mm from the gouge-filled fault. We dis-
tribute a brand-new gouge layer for every experiment. All six experi-
ments on quartz showed a similar evolution of behavior that
culminated with partial ruptures and variable delayed triggering,
though not all experiments were loaded at a smooth and constant rate
or instrumented as completely. Talc produced only slow slip, and the
behavior of gypsum was less repeatable.

Numerical model

Assuming the fault behaves uniformly across the thickness (z direc-
tion), the fault is represented as a mode Il crack in 2D spectral
boundary integral method simulations®”*® with spontaneous initiation
and fully dynamic propagation. The fault and slip are both in the x
direction. Supplementary Fig. 11 shows the parameterized initial stress
distribution T;,;(x). The two asperities are represented by local patches
with high t. In the experiments, normal stress is higher at the sample
ends (Supplementary Figs. 2, 17, and 18), and this is the reason for the
high shear stress there; however, in the model, oy =10 MPa is uniform
across the entire domain to provide uniform RSF and simplify the
model considerably. This simplification is only permissible because
each simulation only consists of one set of Al and A2 ruptures. The
simulation domain is twice the size of the domain of interest (0 <x<L,
where L=W=0.76 m), and Al and A2 are regions with half-length
rn=0.2m and r,=0.05m and locally high shear stress 1; = 6.56 MPa
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and 1, = 6.48 MPa, respectively. Initial shear stress outside the domain
of interest Tex.=5.5MPa for all models, whereas the initial stress
between two asperities 1o varied for different simulations from
6.25 MPa to 6.47 MPa (Fig. 3g). Slip along the interface is governed by
rate- and state-dependent friction (RSF) equations with slip law
formulation®*””'. RSF parameters: a, b, and D, were determined with
SDOF experiments on identical gouge layers*®*” with similar sample
preparation between the smaller and larger experiments (reported in
Supplementary Table 1 and Supplementary Fig. 1). Elastic material
properties, domain size W, loading rate 7 =0.08 MPa/s, and initial slip
velocity along the fault, V;,;, match the experiment. Those properties
and 1; and T, are the same for all simulations. For each simulation,
friction parameters (a, b, D), on, and V;,; are applied uniformly across
the whole domain, and the state variable 0 is then initialized by 6(oy,
Tini» Vini) at each location to enforce the equilibrium of the RSF equa-
tion. During the simulation, the shear stress is uniformly increasing,
i.e., T(x, t) = Tini(x) + 7¢t. The finite dimensions of the experiment in the y
direction likely have only minor effects on the stress transfer at fault,
with ~5% error compared to the infinite elastic space assumed in the
model; however, the model neglects the free surface boundary con-
ditions at the sample ends, which tend to hasten creep front propa-
gation and increase the strength of asperity rupture (Supplementary
Fig. 12). As aresult, the asperity sizes in the model (ry, r,) are larger than
expected in the experiment.

Data availability

The experimental data generated in this study are freely available on
eCommons via https://doi.org/10.7298/4rmf-w308. Simulation data
from this study are freely available at https://doi.org/10.3929/ethz-b-
000568751.
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Supplementary Fig. 1. Evolution of friction parameters with shear strain. The friction
parameters assumed in our numerical models (red squares) are designed to generally match
laboratory data. Values are listed in Extended Data Table 1. Cumulative strain is related to slip
by assuming 2.5 mm layer thickness. Simulations with parameters that differ only in the value of

b (yellow squares) showed similar behavior, with a somewhat greater propensity for creep fronts.
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Supplementary Fig. 2 a, Photograph of the laboratory experiment with strain gage array
installed. b, Corresponding finite element model of the PMMA sample in the steel frame to
estimate the distribution of shear and normal stress on the laboratory fault. No interfaces are
allowed to slip. Force is applied at the locations of the hydraulic cylinders C1-C5 to simulate a
sample average normal stress of 7.75 MPa and sample average shear stress of 6.8 MPa. c,
Results of the finite element model show the distribution of normal stress along the fault relative
to the sample average normal stress. d, Mesh geometry, exaggerated deformation, and Mises

stresses (colors) from the same model.
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Supplementary Fig. 4. Examples of how creep fronts extending from A1 ruptures become more
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original slip data obtained from the eddy current displacement sensors used to generate the upper

panels. Eddy current sensor locations are shown in Fig. 1a.
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where data are likely influenced by other factors (simultaneous nucleation of A1 and A2, or first

few events after an unload-reload cycle).
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Supplementary Figure 6. Two examples of A2-to-A1l creep fronts. a-f, Left panels show the
slip rate as a function of space and time at three different time scales. Right panels show the
original slip data obtained from the eddy current displacement sensors used to generate the
panels on the left. Eddy current sensor locations are shown in Fig. 1a. g-1, An example of a

slower creep front that occurs later in the sequence. All plotting parameters are identical to a-f.
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Supplementary Fig. 7. Examples of the variable behavior of the sample at x;p = 23 mm.

Events are ordered based on vy = W/At** ! (fastest on top, slowest on bottom), and the time

window is scaled by At**™!

. This comparison shows that, in general, faster creep fronts are

correlated with faster, stronger A2 events. Al, A2, creep fronts, and secondary asperities are

annotated on some panels. Eddy current sensor locations are shown in Figure 1a.
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Supplementary Fig. 8. Measured ground motions, spectra, and slip rate for the laboratory
earthquakes. a-d, example vertical ground motions measured on the top surface of the
stationary block, 380mm off the fault (Figure 1) from four different Al events ranging from
large (a) to small (d) (note differences in amplitude scale). e, acceleration spectral amplitudes
from the four events of a-d (colors) against spectra from other events from 22.5 mm < xyp < 24
mm. f, average acceleration spectral amplitude is correlated to the maximum slip rate Omax

measured from the slip sensor closest to the asperity that ruptured (A1l or A2).
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Supplementary Fig. 9 Direct comparisons between experimental observation (a, c, e, g, i, k)

and numerical simulation (b, d, f, h, j,1). Example 1 (a-f) is somewhat faster than example 2 (g-
1). Slip rate as a function of space and time is shown in a-b, g-h, slip rate at 8 locations is shown
in ¢-d, i-j, and slip at those same 8 locations is shown in e-f, k-1. Slip sensor locations are shown

in Fig. 1a.
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Supplementary Fig. 10. Snapshots of shear stress as a function of position for the simulation

shown in Supplementary Fig. 9 (g-1). Note that the creep front is a strong stress concentration

propagating outward from A1l (x = 0 m) from left to right. The stress concentration diminishes as

the creep front slows.
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Supplementary Fig. 11: Initial shear stress distribution in simulations. The domain of interest is
defined as 0 <= x <= W, where W is the fault length, 0.76 m. 1y, 12, and 7, are the shear stress at
the Asperity 1, Asperity 2, and in between, respectively. r; and r, are the radius of Asperity 1 and
Asperity 2, which are 0.2 m and 0.05 m, respectively. Ty is the initial stress outside the domain
of interest. It is set to be lower than the shear stress in the domain of interest so that the external

region keeps creeping uniformly close to the initial velocity during the simulation.
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Supplementary Fig. 12 Effects of free surface in numerical models show that the free surface
causes an increase in speed of the creep front and a faster, stronger rupture of the asperity which
causes a strong back-propagating rupture. These differences between the model and experiment
explain why far larger asperity sizes (1], 12) were needed in the model, compared to asperities that
were highly localized near the sample ends in the experiment (see Supplementary Fig. 2). These
differences affect the precise speed of the creep fronts, and relative strength and size of the Al
and A2 asperities required to produce the delayed triggering but not the qualitative behavior that
we report in this work: that creep fronts act to produce the delayed triggering observed, and that

creep front propagation speed is highly sensitive to initial stress levels.
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Supplementary Figure 13. Evolution of behavior in a second experiment. The upper panel
shows the evolution of friction coefficient with cumulative fault slip. Similar to Fig. 1c, the
annotations mark unload-reload cycles (i) or holds (ii) where the sample rested in essentially
stationary contact. The lower panel shows the maximum slip velocity at Al (red) and A2 (blue)
every Al slip cycle, similar to Figure 1d. This second experiment reproduces all the main
observables as the first experiment including steady sliding and strengthening for x;p < 8.5 mm,
development of slow slip events on Al at x;p =9 mm, the A2 bifurcation where A2 events
oscillated between slow and progressively faster events at x;p = 13 mm, and complex
interactions between Al and A2 at x;p > 14 mm. However, in this second experiment A2
generally produced faster slip events with larger stress drop. While A2-to-A1 creep fronts
(opposite their usual direction) occurred only occasionally in the first experiment, they occurred
frequently in the second. Behavioral transitions (from steady sliding to slow slip to faster slip)
also occurred at somewhat smaller x;p, likely due to a somewhat thinner initial gouge layer
thickness and/or stronger asperities. Stronger heterogeneity causes the behavioral progression to
occur at smaller R, levels (smaller X;p) compared to a homogenous fault, so the stronger A2
events of this experiment likely decreased the X;p at which behavioral transitions occurred

compared to the first experiment.
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Supplementary Fig. 14. Triggering velocity changes with strength of previous events.

a, The Al-to-A2 triggering velocities vy are not well correlated with the strength of the A1l

events that initiated them. b, Instead, vy, is correlated with the strength of the previous A2 event.

¢, vy 1s also correlated with the strength of A2 events it triggers. The timing of the events shows

that highly repeatable, characteristic events (blue circles) transition (cyan squares) to variable but

predictable events (yellow triangles) that oscillate back and forth between slow and fast. With
continued fault slip, interactions between creep fronts and the A1 stick-slip cycle produce more
varied behavior (red stars) that are bounded by dashed lines which indicate relationships Omax ~
Vi and dmax ~ vi2 in b and c, respectively. We use maximum slip rate (Smax) as a proxy for the
strength of the earthquakes since it is linearly related to static stress drop™* and the measured

acceleration spectral amplitude in the 1-10 kHz band (Supplementary Fig. 8).
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Supplementary Fig. 15 Adapted from Figure S5 of Garagash (2021) using RSF with aging law.
Crossover from hypocentral forcing-dominated creep fronts (grey background) at small
propagation distance L/Ly, to initial overstress-dominated creep fronts (white background) at
larger propagation distances. This behavior occurs both for velocity weakening rheology (left
panel), velocity neutral rheology (right panel), and, to a lesser extent, with velocity strengthening
rheology (not shown). Initial fault overstress is quantified by Afy/b and the hypocentral forcing is
quantified by AT/GD, where AT is the hypocentral Coulomb forcing. Garagash (2021) studied
creep fronts resulting from either constant volume fluid injection (constant AT) or constant
volumetric injection rate (constant rate of AT). The creep front dynamics resulting from discrete

seismic ruptures, as studied here, are best represented by the constant AT case.
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Supplementary Fig. 16. Creep front propagation velocity against slip velocity, similar to Figure
4 of Ariyoshi et al., (2019). Each circle corresponds to a measurement made from an adjacent
pair of slip sensors for a propagating creep front. The propagation velocity v, is determined from
the expression ver= d/(t"" - t') where d = 0.1 m is the sensor spacing and t' is the time of the
maximum slip velocity recorded at sensor i. The maximum slip speed associated with each
measurement is taken as the average of the maximum slip speeds measured at the two adjacent
sensors that were used to calculate v.r. The bold line is the theoretical relation: ver =
G/At*vgip ", where vy is the maximum slip speed upon propagation of the creep front, G =
1.1 GPa is the shear modulus and At is the shear stress drop upon passage of the creep front,

which is taken here as 50 kPa, consistent with average values shown in Fig. 4a.
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Supplementary Fig. 17. Distribution of shear stress, shear stressing rate, and compaction along
the sample. (a) Absolute shear stress measurements were made using a reference strain
measurement when sample is not loaded. These measurements may not be entirely reliable
because the strain and reference strain measurements were made many hours apart. (b) Shear
stressing rate estimated over =10 s time intervals when the sample was being loaded and no slip
events occurred. Different colors correspond to different time intervals to show stability over
many stick-slip cycles. The faster rates at the sample ends indicate that more shear stress
accumulates there and that the sample ends are stronger (they are able to carry more shear stress
than the center of the sample). (c) Compaction measurements made by comparing gouge layer
thickness after 5 mm of cumulative slip to that after 10 mm of cumulative slip at 10 MPa sample
average normal stress. This shows that the ends of the sample compacted more than the center of
the sample, consistent with the higher normal stress there. Note that the compaction
measurements were made in a different experiment (QS04-020) with similar conditions,

described in Supplementary Table 2.
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Supplementary Fig. 18. Annotated photographs of the forcing end (left) and leading end (right)
of the moving block taken after the experiment was completed, the two sample halves were
separated, and the majority of the gouge was brushed off the fault (photo taken after experiment
QS04 023, see Supplementary Table 2). The teeth machined into the PMMA block can be seen
as vertical lines. Compacted quartz gouge (white) is still stuck between the teeth, which is an
indication that slip occurred within the gouge layer and not at the gouge/PMMA interface. There
is evidence of plastic deformation of the PMMA teeth within 20-50 mm of the sample ends,
while no deformation is observed closer to the center of the sample. The plastic deformation
indicates that both shear and normal stress levels were higher near the sample ends (A1, and A2)
than in the center of the sample. Note that the deformation reported here is the result of the

cumulative effect of all experiments reported in Supplementary Table 2.
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Supplementary Table 1

Slip independent Parameters Units Values

sample length, W m 0.76

normal stress, oy MPa 10

shear modulus, G GPa 1.1

Poisson's ratio, v n/a 0.35

G'=G/(1-v) GPa 1.69

Slip dependent parameters

load point displacement, X mm 5 10 15 20 25
shear strain n/a 2 4 6 8 10
b n/a 0.00726 0.01021 0.01125 0.01179 0.01213
D. microns 11.266 5.0766  3.1847 2.2876  1.7699
b-a n/a -0.00081 0.00044 0.00082 0.00101 0.00114
a n/a 0.00807 0.00977 0.01043 0.01078 0.01099
a/b n/a 1.111 0.957 0.927 0.914 0.906
h* = 2D.G'/(noy (b-a)) m -1.507 1.239 0.416 0.243 0.167
L, = D.G'/(cnb) m 0.263 0.084 0.048 0.033 0.025
W/ h* n/a -0.50 0.61 1.83 3.13 4.54
L/Lp = W/2/Ly n/a 1.45 4.52 7.93 11.57 15.39
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Supplementary Table 2:

Experiment Date Gouge Type Gouge Thickness | Normal Stress
(as prepared)

QS04_001 7/14/2018 | gypsum 3-5mm 1,7, 14 MPa

QS04_002 7/15/2018 | gypsum 3-5 mm 7 MPa

QS04_003 7/20/2018 | gypsum 3-5mm 7, 14 MPa

QS04_004 7/27/2018 | gypsum 5mm 1,2,5,7 MPa

QS04_005 7/3/2018 quartz 2.5 mm 1, 7 MPa

QS04_006 7/11/2018 | gypsum 2 mm 1,10 MPa

QS04_007 7/19/2018 | talc 3 mm 1 MPa

QS04_008 7/25/2018 | talc 10 mm 1,7 MPa

QS04_009 8/24/2018 | quartz 2.5 mm 1,12 MPa

QS04_010 11/9/2018 | quartz 2.5 mm 10 MPa

QS04_011 7/11/2019 | 30/70% talc/quartz (homogeneous mixture by 5 mm 10 MPa
weight)

QS04_012 7/18/2019 | talc/quartz (0 < x < 380 mm), quartz (380 < x 5mm 10 MPa
< 760 mm)

QS04_013 7/24/2019 | quartz (0 < x <570 mm), talc/quartz (576 < x 5 mm 10 MPa
<760 mm)

QS04_014 7/31/2019 | talc/quartz (0 < x < 190 mm), quartz (190 < x 5mm 10 MPa
< 760 mm)

QS04 _015 8/8/2019 gypsum (0 < x < 330 mm), talc/quartz (330 <x | 5mm 10 MPa to compact initially, 5
< 430 mm), gypsum (330 < x < 760 mm) MPa experiment

QS04_016 8/15/2019 | gypsum (0 < x <230 mm), talc/quartz (230 <x | 5 mm 10 MPa to compact initially, 5
< 570 mm), gypsum (570 < x < 760 mm) MPa experiment

QS04_017 8/20/2019 | gypsum 5 mm 10 MPa to compact initially, 5

MPa experiment

QS04 _018 10/2/2019 | quartz (0 < x <230 mm), talc/quartz (230 < x 5 mm 10 MPa to compact initially, 5
< 570 mm), quartz (570 < x < 760 mm) MPa experiment

QS04 _019 10/9/2019 | gypsum (0 < x < 230 mm), talc/quartz (230 <x | 5 mm 10 MPa to compact initially, 5
< 570 mm), gypsum (570 < x < 760 mm) MPa experiment

QS04_020 1/22/2020 | quartz 5 mm 10 MPa for 1:10 mm slip, 7

MPa for 15:20 mm

QS04_021 2/14/2020 | quartz 5 mm 10 MPa

QS04_022 7/2/2021 quartz 5 mm 10 MPa

QS04_023 7/6/2021 quartz 5 mm 10 MPa
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