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G E O P H Y S I C S

Frictional instabilities in clay illuminate the origin of 
slow earthquakes
Giuseppe Volpe1*, Cristiano Collettini1,2, Jacopo Taddeucci2, Chris Marone1,3, Giacomo Pozzi2

The shallowest regions of subduction megathrusts mainly deform aseismically, but they can sporadically host 
slow-slip events (SSEs) and tsunami earthquakes, thus representing a severe hazard. However, the mechanisms 
behind these remain enigmatic because the frictional properties of shallow subduction zones, usually rich in clay, 
do not allow earthquake slip according to standard friction theory. We present experimental data showing that 
clay-rich faults with bulk rate-strengthening behavior and null healing rate, typically associated with aseismic 
creep, can contemporaneously creep and nucleate SSE. Our experiments document slow ruptures occurring with-
in thin shear zones, driven by structural and stress heterogeneities of the experimental faults. We propose that 
bulk rate-strengthening frictional behavior promotes long-term aseismic creep, whereas localized frictional shear 
allows slow rupture nucleation and quasi-dynamic propagation typical of rate-weakening behavior. Our results 
provide additional understanding of fault friction and illustrate the complex behavior of clay-rich faults, providing 
an alternative paradigm for interpretation of the spectrum of fault slip including SSEs and tsunami earthquakes.

INTRODUCTION
Subduction zones accommodate deformation in a wide spectrum of 
fault slip motion: from aseismic creep, tremor, and slow earthquakes 
to regular earthquakes (1–4). Differently from regular earthquakes, 
which represent elasto-dynamic failure of locked faults, slow earth-
quakes represent quasi-dynamic fault slip transients along faults 
showing low interseismic coupling (1–5). Slow earthquakes have 
small stress drops, long rupture duration, and low rupture velocity 
producing seismic radiation depleted in high frequencies (1–6). Al-
though slow earthquakes have been extensively studied on the deeper 
portion of subduction zones (depth < 50 km) (3, 4, 7), recent inves-
tigations reveal their occurrence along the shallowest portion of 
subduction zones (depth < 15 km) (2, 3, 8). Among shallow slow 
earthquakes, tsunami earthquakes (9) represent a severe hazard be-
cause they nucleate up-dip the seismogenic zone and propagate up 
to the trench generating unusually large tsunami for their magni-
tudes [moment magnitude (Mw) < 8] (3, 5, 10–12). Remarkable tsu-
nami earthquakes include the 1947 Hikurangi event (13), the 1992 
Nicaragua earthquake (10), the 1994 and 2006 Java earthquakes 
(14), and the 2010 Mentawai earthquake (12), many of which oc-
curred in regions of low earthquake potential or seismic gaps (3, 12, 
14). Moreover, catastrophic tsunamis are also generated by the up-
dip continuation of great regular earthquakes producing large co-
seismic slip in the shallow portions of subduction zones [e.g., 2011 
Tohoku-Oki; (3, 5, 15)]. The shallowest regions of subduction mega-
thrusts often show low interseismic coupling (5, 8, 16–18), especially 
when unconsolidated clay-rich sediments are the most abundant 
rocks along the subduction interface (19, 20). The low rigidity of the 
clay-rich sediments has been invoked to explain the anomalously 
slow rupture process of slow earthquakes (3, 10, 11, 21). The low 
frictional strength, together with low healing rate of clay-rich rocks, 
assessed by laboratory experiments (17, 22–26), supports the in-
ferred frictional weakness and aseismic creep often observed along 
these clay-rich subduction interfaces (5, 8, 16–18). However, the 

dominant rate-strengthening behavior of clay-rich fault rocks can-
not explain earthquake nucleation (22–27). In some laboratory ex-
periments conducted on clay-rich fault rocks, a transition from 
rate-weakening to rate-strengthening frictional behavior with in-
creasing loading velocities was observed (27) and invoked as a 
potential nucleation mechanism for slow-slip events (SSEs) (8). Re-
cent works show that ultralow healing rates on weak faults influence 
nucleation and recurrence time of SSE (17). In addition, numer-
ical models show that SSE can be produced along rate-strengthening 
faults by imposing temporal fluctuations of pore fluid pressure (28, 
29). While these observations suggest the possibility for earthquake 
nucleation within clay-rich faults, they do not provide a comprehen-
sive characterization of the coexistence of SSE on experimental 
faults, which are continuously creeping during the interseismic 
phase. Therefore, the underlying processes are still elusive. Here, by 
integrating friction experiments, microstructural analysis, and an 
innovative video documentation of laboratory SSE, we provide an ex-
planation for repetitive stick slip in rate-strengthening materials 
based on differences between bulk and local fault properties.

RESULTS
Mechanical and microstructural observations
To assess the seismogenic potential of materials relevant for the 
shallowest regions of subduction zones, we tested pure montmoril-
lonite (fig. S1), a clay mineral abundant in several foredeep settings: 
e.g., Java, Costa Rica, Hikurangi, and Nankai (19, 20). We performed 
experiments at room temperature, 100% relative humidity, and nor-
mal stresses (σN) ranging from 5 to 100 MPa using the double direct 
shear (DDS) setup (Fig. 1, Materials and Methods, and table S1). We 
measured shear strength (Fig. 1A), velocity dependence of friction 
(Fig. 1B), healing rate (fig. S2), and fault slip behavior at low forcing 
velocity (<0.1 μm/s; Fig. 1, C and D, and Materials and Methods). 
The velocity dependence of friction, expressed with the (a-​b) pa-
rameter, defines the potential for unstable slip, while the healing rate 
is a measure of frictional strength recovery during times when faults 
are locked or slide slowly (30–32). In agreement with previous work 
(22), we found that montmorillonite obeys the Coulomb shear fail-
ure law at low normal stress, with a linear frictional envelope of μ = 
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0.26 for σN < 25 MPa, whereas for σN > 25 MPa, the shear resistance 
of montmorillonite is constant (~6 MPa) and independent of nor-
mal stress, indicating a transition from frictional to ductile defor-
mation (Fig. 1A), driven by frictional contact area saturation (22) 
and strain delocalization. We measured (a-​b) during velocity-step 
tests from 0.1 to 300 μm/s and found rate-strengthening behavior 
with positive values of (a-​b) (Fig. 1B, fig. S2, and table S2). At load-
ing velocities of 0.1 μm/s, we observed SSE in the form of stick-slip 
motion with shear stress drops of tens of kilopascals (Fig. 1C). Nor-
mal stress and loading velocity control the emergence of slip insta-
bilities; montmorillonite is unstable at normal stresses between 5 
and 50 MPa (Fig. 1C) and forcing velocities <0.3 μm/s. The largest 
stress drops occurred at σN = 12.5 MPa, whereas at higher and lower 
σN, stress drops were smaller (Fig. 1C). The measured healing rates 
during slide-hold-slide test were zero for all normal stress tested 
(fig. S2). Overall, we document a transition from frictional to ductile 
rheology (Fig. 1A) with frictional properties indicating permanent 
fault weakness and continuous aseismic creep (Fig. 1B), punctuated 
by small instabilities (Fig. 1, C and D). The occurrence of frictional 
instabilities in rate-strengthening materials is of considerable inter-
est and requires extensive analyses. Therefore, in the following, we 

first document fault fabric, characterizing frictional and ductile rhe-
ology, and then we explore the dynamics of such frictional instabili-
ties. Microstructural analysis shows that experimental fault fabric 
changes as a function of normal stress (Fig. 1, E and F). At low nor-
mal stress, deformation is restricted to a thin zone (<100 μm) that 
develops parallel to the shear direction along one side of the fault 
(Fig. 1, E and G). The material in the shear zone is foliated (S-C 
fabric), with montmorillonite lamellae oriented favorably to the shear 
direction (Fig. 1G). Outside, the material appears undeformed, pre-
serving the original vermicular shape of montmorillonite aggregates 
(Fig. 1H). At higher normal stresses, deformation is distributed and 
involves a thicker shear zone (fig. S3). At σN = 100 MPa, deforma-
tion pervades the whole sample, showing regular foliation (Fig. 1, 
F, I, and J).

Imaging instabilities
To explore the dynamics of frictional instabilities, we designed a 
method to directly observe sample deformation and fault slip, simi-
larly to experiments performed in analog materials (33–39). Our 
experiment was performed using the same protocol and boundary 
conditions of experiments reported in Fig. 1 but using a transparent 

Fig. 1. Evolution of mechanical data and fault microstructures with normal stress. (A) Envelope of the steady-state shear stress showing a transition from frictional 
to ductile at σN > 25 MPa. (B) Rate-strengthening behavior (a-​b > 0) is observed at all normal stresses (details in fig. S2 and table S2). (C) Shear stress evolution during a 
velocity step from 10 to 0.1 μm/s, showing a rate-strengthening trend. (D) Detail of the fault slip behavior showing stick-slip motion at low normal stress and forcing veloc-
ity (F.V.). (E and F) Fault microstructures of the experiments performed at 25 and 100 MPa, respectively (Materials and Methods). At low normal stress, where stick-slip in-
stabilities occur, the microstructure shows a localized deformation zone <100 μm thick (G and H), whereas at higher normal stress the entire gouge volume is deformed 
exhibiting a well-developed foliation (I and J) and stable sliding [(C) and (D)]. The experiments reported in this figure are listed in table S1.
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(acrylic) slider block of the DDS setup (Fig. 2A). We imaged one 
side of the fault surface with reflected light during shear deforma-
tion. Videos were recorded using a high-speed, high-resolution 
digital camera, capturing the reflection of a light source on the fault-
block interface (Fig. 2A and Materials and Methods). Changes in the 
intensity of reflected light, quantified by gray level [arbitrary units 
(a.u.)], correspond to changes in the local state of stress (see Materi-
als and Methods), which can be detected at every point of the fault 
surface [Fig. 2B; (36, 40, 41)]. Our videos document a systematic, 
nonlinear, and inverse change of the average gray level as a function 
of the evolution of the shear stress (Fig. 2B and movies S1 to S18). 
We use the local evolution of the gray level as a proxy to monitor 
changes in the state of stress associated with rupture propagation, in 
a way similar to previous works that documented rupture propaga-
tion using strain gauges, digital image correlation, or local fault slip 
measurements (37–39). Each slip event corresponds to a systematic 
variation of the overall surface reflectivity (Fig. 2B), and the local 
variation of the surface reflectivity reveals the spatial-temporal evo-
lution of the frictional instability (Fig. 2C and details in movies S1 to 
S18). We use a representative event to illustrate in detail the rupture 
process (Fig. 3). The substitution of the DDS slider block alters nei-
ther the bulk mechanical behavior nor the stick-slip instabilities; 
results for the acrylic and steel blocks are the same (fig. S4).

The rupture front can be tracked with the position of the first 
change in local reflectivity, corresponding to local change in the 
state of stress (white patches in Fig. 2C; colored lines in Fig. 3A). The 
rupture starts as a small patch that slowly (<3 mm/s) grows until it 

reaches a critical size of ~1 cm (Fig. 3A). During nucleation phase, 
as the patch widens (Fig. 3B), the local stress state decreases (Fig. 3C). 
After nucleation, the rupture front accelerates and propagates across 
the fault at an average velocity of ~15 cm/s (Fig.  3B). Behind the 
rupture front, the local state of stress first decreases to a minimum 
value and then gradually increases with time, indicating stress re-
covery (Fig. 3C). For a specific time window, the stress drop is 
restricted to the region between the rupture front and the onset of 
stress recovery (Fig. 3, D and E, and fig. S5). The region with a 
reduction in the stress state represents the breakdown zone of the 
propagating rupture (42). Our observations document rupture 
propagation along the fault in the form of self-healing wrinkle-like 
ruptures (43–45). In our experiments, nucleation sites are not related 
to pre-imposed asperities (38, 39) but seem to be connected to spon-
taneous stress heterogeneities controlled by fault architecture 
(Riedel shears, Fig. 4) and, in a subordinate way, by stress redistribu-
tion following previous ruptures (fig. S6). These stress heterogene-
ities also modulate rupture velocity (Fig. 3B) and local stress drop 
(Fig. 3, C and D).

DISCUSSION
Slow-slip instabilities
Our laboratory experiments on clay-rich faults document a range of 
behaviors including low frictional strength, bulk rate-strengthening 
behavior, and null healing rate. We observe a transition from fric-
tional to ductile rheology at σN > 25 MPa associated with a change 

Fig. 2. Configuration and results of the video experiment. (A) Experimental design and assembly used for the video analysis of fault slip. (B) Comparison between 
mechanical data and bulk reflectivity changes (i.e., average gray level) showing an inverse, nonlinear relation between stress and reflectivity. (C) Frames of the video 
(movie S2) showing the spatial-temporal evolution of the rupture of the selected event (Materials and Methods). The data refer to experiment b1296 in table S1.
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from localized to distributed deformation (Fig.  1). These results 
agree with previous experimental works (22) using the rate-
strengthening behavior of montmorillonite as justification for the 
observed aseismic creep of the shallowest regions of subduction 
zones (5, 8, 12). However, superimposed on the bulk rate-strengthening 
frictional rheology, we observe small slow-slip instabilities at low 
loading velocities (Figs. 1, C and D, and 4A). We interpret these 
instabilities as the result of second-order frictional mechanisms 
involving time-dependent adhesion (40, 41, 46) and structural-
stress heterogeneities. Time-dependent adhesion promotes con-
tact welding along the localized shear zone (Fig. 1E), similarly to 
frictional healing (40), and development of small fault patches act-
ing as asperities and promoting nucleation (Figs. 1E, 3A, and 4B). 
To illuminate the role of adhesion, we have performed a specific 
experiment with the same protocol and boundary conditions at 
which we observed instabilities, but in this case, the montmoril-
lonite is separated from the central forcing block by a thin layer of 
quartz particles (radius ~ 50 μm) (fig. S7). During this experiment, 
the absence of stick slip suggests that the presence of quartz par-
ticles along the fault surface reduces the efficiency of adhesive 
processes and inhibits frictional instabilities (41). Together with 
adhesion, our data show that structural and stress heterogeneities 
play a key role for the nucleation of instabilities. We observe that 
most of these instabilities systematically nucleate close to struc-
tural heterogeneities represented by the intersection between the 
fault surface and the Riedel shear planes (yellow lines in Fig. 4B). 
These structures divide the fault surface into elongated and subparallel 

domains along which the stress is not homogeneously distributed 
(Fig. 4B). Each fault domain shows a gradual transition from low 
stressed regions (white) to more stressed regions (black), whereas 
the transition is more abrupt across the Riedel shears (Fig. 4B). Most 
of the ruptures nucleate in regions with a relatively low state of stress 
(lighter colors in Fig. 4B and fig. S6), suggesting a key role of low 
stresses in favoring local changes of the frictional properties (27, 
47), hence favoring the nucleation of the observed slow-slip in-
stabilities.

For the observed slow-slip instabilities, our data and images of 
the rupture process (Fig. 3) point to self-healing wrinkle-like rup-
tures (43–45). Similar rupture dynamics have been documented on 
bare-rock surfaces (48–50), plastic materials (33–36), or thin quartz 
powder layer (37–39). These experiments documented dynamic 
stress drops up to few megapascals and rupture velocity up to kilo-
meters per second in rate-weakening faults. Our experiments ex-
tend these works to faults with bulk rate-strengthening behavior 
that also include repetitive stick-slip instabilities with small stress 
drops, slip, and rupture velocity. We connect these differences to the 
low rigidity, bulk rate-strengthening behavior, and null healing rate 
of montmorillonite, which limits the stress drop magnitude and the 
rupture velocity (5, 17).

Implication for shallow SSE and tsunami earthquakes
Although dimensions and rupture velocities of natural and laboratory 
faults differ notably, and more comprehensive discussions are re-
quired, the striking similarities between natural and our laboratory 

Fig. 3. Spatial-temporal evolution of the rupture properties of a single stick-slip event imaged from video analysis. (A) Space-time evolution of the rupture front 
on the fault surface. (B) Space-time position of the rupture front within the vertical dashed lines in (A). (C) Stress state change and (D) stress state change rate during time 
highlighted by changes in reflectivity (gray level, a.u.) proportional to the state of stress on fault (Materials and Methods and Fig. 8). (E) Description of the evolution of 
stress state change (SSC) and stress state change rate (SSCR) along the fault for a time window from t0 to t1 (details in fig. S5). The breakdown zone is restricted between 
the initial stress region (white arrow) and the recovery region (black arrow). Horizontal shades in (B) and (C) represent regions of the fault surface with stress heterogene-
ities caused by fault architecture (e.g., Riedel shear in Fig. 4).
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observation support the applicability of our findings to tectonic faults, 
particularly to shallow subduction zones. Along these, the absence of 
regular seismicity is related to the abundance of clay-rich rocks (5, 19, 
20). These rocks exhibit low friction, low healing rates, and rate-
strengthening behavior (17, 22, 24), which hinder earthquake nucle-
ation, therefore promoting low seismic coupling and aseismic 
deformation (5, 8). However, shallow subduction zones also host shal-
low SSE (8, 16) and tsunami earthquakes [(3, 6, 9–12); Fig. 5A]. To 
explain the nucleation of these peculiar seismic phenomena within 
rate-strengthening and weakly coupled faults, structural and friction-
al heterogeneities have been suggested to favor the development of 
unstable and coupled fault patches (3, 8, 51), whereas the transitional 
frictional behavior at low stresses and velocity has been proposed as a 
potential nucleation mechanism (8, 27, 52). Our results indicate that a 
relatively unexplored yet fundamental control on shallow SSE is ex-
erted by fault fabric, stress heterogeneities, and alternative frictional 
mechanisms. Our experimental clay-rich faults (Fig. 5B) exhibit bulk 
frictional rheology with low frictional strength, null healing rate, and 
rate-strengthening behavior, therefore explaining the low interseismic 
coupling and aseismic creep often observed along the clay-rich shallow 

subduction zones (Fig. 5C). However, slip localization on weak faults, 
as documented for the 2011 Tohoku-Oki earthquake (53), enhances 
the development of frictional instabilities resulting in SSE with slow 
rupture velocities (Fig. 5, B and D). Our results support recent find-
ings suggesting a key role of frictionally weak clay-rich rocks in the 
nucleation of shallow SSE (17, 27) and suggest an alternative interpre-
tation for the origin of shallow slow earthquakes. Furthermore, our 
findings offer a further perspective on the seismogenic potential of 
the shallowest and weakly coupled subduction interfaces with impor-
tant implication for seismic and tsunami hazard.

MATERIALS AND METHODS
Experimental apparatus and procedures
Montmorillonite powder (details in fig. S1) was tested with BRAVA, 
a servo-controlled biaxial testing apparatus (54) hosted at the HP-
HT laboratory of the Istituto Nazionale di Geofisica e Vulcanologia 
of Rome. We used the DDS configuration consisting of three steel 
forcing blocks squeezing two identical layers of rock powder (gouge) 
with initial thickness of 4 mm (Fig. 6A). The normal stress (σN) is 

Fig. 4. The role of stress and structural heterogeneities in SSE rupture nucleation. (A) Mechanical data showing a series of consecutive SSE. The gray bar for each SSE 
represents the time window of movies S1 to S18—two movies for each slip event from 1 to 9. (B) Distribution of the relative state of stress along the fault surface during 
the SSE sequence reported in (A) (details in fig. S6). The white circles mark the nucleation sites of each SSE event. The yellow lines show the intersection between the fault 
surface and the Riedel shears (R) acting as structural heterogeneities. SEM image of the fault microstructure showing the cross section of the experimental fault with the 
Riedel shears (R) highlighted in yellow. Data of experiment b1296 (table S1).
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applied perpendicular to the gouge layers with a horizontal servo-
controlled hydraulic piston (54). A vertical piston is used to apply 
the shear stress (τ) through the central block (slider), forcing shear 
deformation within the gouge layers (54). The force applied by the 
pistons is measured via strain-gauged load cells with an accuracy of 
±0.03 kN (54). The load is converted to stress by dividing it by the 
area of contact within the forcing blocks (50 by 50 mm). Load point 
displacements are measured via linear variable displacement trans-
formers (LVDTs) with an accuracy of ±0.01 μm. The elastic response 
of the pistons is linear for the stresses applied during these experi-
ments. To obtain dynamic instabilities in the material, we reduced 
the stiffness of the loading system (2.96 MPa/mm) by using an 
acrylic block (spring) to apply the shear stress to the central slider. 
This procedure is widely used in literature for the study of frictional 
instabilities (55, 56).

The experimental procedure consists of five sequential stages 
listed below:

1) Loading. The normal stress is applied gradually to the sample 
to the target value (5, 12.5, 25, 50, and 100 MPa).

2) Relaxation. Once the target normal stress is reached, the gouge 
layers are allowed to compact to attain an almost steady-state thick-
ness (~15 min).

3) Run in. After compaction, the sample is sheared for a total 
displacement of 5 mm at a load point velocity of 10 μm/s. This stage 
allows the fault to reach a steady-state frictional strength and fabric 
(Fig. 6B).

4) Velocity step test. The experimental fault is sheared at increas-
ing forcing velocity: 1, 3, 10, 30, 100, and 300 μm/s, for 500 μm of 
displacement in each step (Fig. 6C).

5) Slide-hold-slide test. This test consists of alternating sliding 
(displacement of 250 μm) at constant forcing velocity of 0.1 μm/s 
and stopping (imposing 0 velocity) at increasing hold times: 30, 100, 
300, and 1000 s (Fig. 6, D and E).

All experiments were performed at 100% room-humidity condi-
tions, and the samples were let humidifying overnight before the 
start of the experiment. We also performed several other frictional 
experiments with slightly different experimental procedure, aimed 
to characterize specific properties of the gouge (table S2).

Frictional properties analysis
We characterized the steady-state frictional strength (μ), the veloci-
ty dependence of friction (a-​b), and the healing behavior (β). We 
used the rate and state friction theory (RSF) (30–32) as framework 
for our analysis. The friction coefficient, μ, is retrieved as the linear 
constant of proportionality between steady-state shear stress and 
normal stress, using Eq. 1

where c is the cohesion term, which can be assumed negligible. 
During the velocity step tests, the forcing velocity is varied from 
V0 to V, which causes a variation of frictional strength character-
ized by a direct and evolution effect (Fig. 6, C and D). The direct 

τ = μσn + c (1)

Fig. 5. Integration between structural and frictional properties. (A) Block diagram showing structural and frictional properties of shallow subduction zones where 
shallow slow-slip events (SSE) and tsunami earthquakes (TE) occur. The color bar shows the coupling degree along the subduction interface. (B) Model of the experimen-
tal fault at forcing velocity of 0.1 μm/s where instabilities occur. (C) Shear stress evolution during a velocity step displaying rate-strengthening behavior (brown) with small 
instabilities (blue). (D) Details of a laboratory SSE. Note: During interseismic phase, the fault is not locked but it is continuously creeping at nm/s. These features support 
the observed spectrum of fault slip behavior at shallow subduction megathrusts where aseismic creep coexists with SSE and tsunami earthquakes.
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effect scales with a loge(V/V0), where a is an empirical parameter 
(30, 31). The subsequent evolution of friction to a successive steady 
state scales with b loge(V/V0), where b is also an empirical param-
eter (30, 31). The (a-​b) parameter defines the velocity dependence 
of friction:

where Δμss is the difference between the dynamic steady-state fric-
tional strength after and before the step in shearing velocity from V0 
to V (30, 31). Negative values of (a-​b) define a velocity-weakening 
behavior, which is a required condition for frictional instability (32, 
40). Positive values of (a-​b) define a velocity-strengthening behav-
ior, suggesting aseismic creep. Each velocity step was inverted using 
RSF equations (Eq.  3) coupled with the Dieterich law (Eq.  4), an 
evolution law that defines the state variable θ (29):

where μ0 is steady-state frictional strength at slip velocity V0 and Dc 
is the critical slip distance (30, 31). To model velocity steps, Eqs. 3 
and 4 are coupled with Eq.  5, which defines the elastic coupling 
between the sliding surface and the loading medium:

where Vf is the forcing velocity (the one applied by the vertical piston) 
and k is the loading system stiffness normalized by normal stress. These 
equations are solved simultaneously using a fifth-order Runge-Kutta 
integration. a, b, and Dc were retrieved, for each velocity step, as best fit 

(a − b) = Δμss ∕ loge(V ∕V0) (2)

μ = μ0 + a loge(V ∕V0) + b loge(V0θ∕Dc) (3)

dθ∕dt = 1 − θV ∕Dc (4)

dμ∕dt = k(Vf − V ) (5)

Fig. 6. Experimental design and frictional analysis. (A) Detail of the double direct shear assembly. (B) Evolution of friction as a function of shear displacement for one ex-
periment (b1118). Our procedure consisted of a run-in phase followed by velocity step tests and slide-hold-slide (SHS) test. (C and D) Detail of a velocity step tests from 3 to 
10 μm/s and from 10 to 0.1 μm/s, respectively. Black lines represent the experimental data, and red lines represent the best-fit model using RSF. (E) Detail of a 300-s slide-hold-slide 
test showing evolution of friction with hold time and re-shear. Note that in (D) and (E), the stick-slip behavior is superimposed on a trend that can be modeled using RSF.
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values using a least-squares iterative method to solve the inverse non-
linear problem (22, 57). During slide-hold-slide test, the frictional heal-
ing (Δμ) was obtained as the difference between the friction peak 
measured during re-shear following each hold and the steady-state fric-
tion before the hold [(32); Fig. 6E]. Frictional healing rate (β) was re-
trieved as the linear variation of Δμ with logarithm of the hold 
time (th).

Microstructural analysis
At the end of each experiment, we carefully extracted the deformed 
samples to preserve the entire gouge thickness, comprised within 
the forcing blocks (58). After extraction, we carefully embedded the 
samples in epoxy resin (Struers EpoFix) at room pressure. Once the 
resin was hardened, we cut the samples perpendicular to the shear 
plane and parallel to the sense of shear to expose the kinematic sec-
tion of the microstructure (59). The cut surfaces were polished with 
increasingly finer sandpaper, grit of 600–2000, and then by finer 
diamond paste, 6–1 μm (57). All lapping steps were performed at 
low velocity and lubricated with oil-based fluids to avoid water-
enhanced erosion of the samples. Polished surfaces were coated with 
graphite for the microstructural analysis, which was conducted with 
a field-emission scanning electron microscope (SEM) hosted at the 
Istituto Nazionale di Geofisica e Vulcanologia of Rome. Imagery 
was collected in backscattered mode.

Experimental design for direct video documentation
To allow direct optical documentation of the fault surface, we used 
the same experimental procedure described above but using a 

slightly modified sample assembly. We replaced the central slider 
with a transparent acrylic forcing block (applying shear stress). 
Differently from the metal slider, the acrylic block has a nominally 
flat surface in contact with the sample (compare Figs. 6A and 7A). 
We also replaced the lateral forcing blocks with nominally flat sur-
faces to match the central slider. The coupling between the gouge 
and the forcing blocks is high enough to force deformation to 
occur within the gouge and not at the interface. This is confirmed 
by mechanical data showing the same frictional properties [μ, (a-​
b), β; fig. S4] and fault slip behavior (i.e., instabilities, stress drop, 
and recurrence time; fig. S4) for experiments with standard DDS 
configuration and with acrylic central block. In other words, the 
acrylic central block alters neither the bulk mechanical behavior 
nor the stick-slip instabilities and experimental microstructures 
are the same (fig. S4). A further test has been performed with in-
termediate roughness of the forcing blocks, obtaining the same 
results. This indicates a negligible influence of the forcing block 
roughness in the mechanical data.

High-resolution imaging of the fault surface was performed 
with a NAC Memrecam HX-3 high-speed camera operating at 
500 frames per second (500 Hz), with a resolution of 192 (horizon-
tal) by 600 (vertical) pixels, and a pixel pitch of 0.0833 mm/pixel 
[>300 pixels per inch (ppi)]. The experimental setup is depicted in 
Fig. 7. The camera is positioned with a line of sight tilted by 45° 
from the fault surface and perpendicular to the sliding direction. 
The fault surface is illuminated with a homogeneous source of white 
light placed at the other side of the central transparent sliding block. 
This experimental set allows the camera to record changes of reflectiv-
ity along the surface. Changes in reflectivity (imaged as variation in 

β = Δμ∕ log10(Δth) (6)

Fig. 7. Configuration of the video experiment. (A) Experimental configuration for the video experiments set on BRAVA apparatus. (B) Close-up of the assembly for the 
video experiment with the highlighted light-source setup (see Fig. 2A for further details).
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gray level) correspond to changes of the local state of stress pro-
jected on the fault surface (Fig. 8).

Digital image analysis
Image processing has been performed on the footage using both 
static and rolling background removal. In the static background re-
moval, a background image was calculated as the pixel-wise average 
of the 500 frames preceding the beginning of the portion of interest 
of the video, which corresponds to the final part of the interseismic 
time and represents the initial state of stress on the fault surface. The 
background image was then subtracted from each of the subsequent 
frames. The resulting video displays changes in the gray level (quan-
tified in a.u.) relative to the background image (Fig. 3A and movies 
S10 to S18). From the static background removal video of a transient 
slip event (movie S1), we projected the average gray level along the y 
axis and analyzed the variation in time, obtaining the videogram of 
Fig. 3B. The same procedure is used at discrete times to build the 
variation of gray level of Fig. 3C. The average gray level has been 
calculated after Gaussian filtering of the original images by averag-
ing x-wise over the visible fault surface (Fig. 3A). The rolling back-
ground removal consists, for each frame, of the subtraction of a 
previous frame with an arbitrary separation of time. The optimal 
separation for visualization has been selected by trial and error at 
five time frames. The resulting image has been normalized over a 
narrow range of gray levels to enhance contrast. The rolling back-
ground reveals the portion of the fault in which stress changes have 

occurred between five time frames, allowing to trace and visualize 
the position of the rupture front (movies S1 to S9). Selected time 
frames were stacked to compose image Fig. 3A, which shows in light 
gray the position of the wrinkle-like pulse.

Derivation of the change in the state of stress on fault
The evolution of the state of stress along the fault surface has been 
tracked by synchronizing and correlating the stress measured by the 
load cell of the BRAVA apparatus (54) with changes in the reflectiv-
ity of the fault surface detected via digital image analysis and quanti-
fied in gray level (a.u.). We observed that the bulk fault reflectivity 
(i.e., average gray level) changes simultaneously with the variation of 
the stresses acting on fault as measured by the load cells (i.e., during 
stick-slip cycles; Fig. 8A). Our data also show that the average gray 
level (i.e., bulk fault reflectivity) has an inverse and nonlinear rela-
tion with stress: Reflectivity increases as the stress decreases and 
vice versa (Fig. 8B).

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Tables S1 and S2
Legends for movies S1 to S18

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S18

Fig. 8. Comparison between mechanical data and reflectivity changes quantified in average gray level. (A) Evolution of normal stress (blue), shear stress (red), and 
reflectivity (green) during a series of consecutive stick-slip events. (B) Evolution of normal stress, shear stress, and reflectivity in a single stick-slip cycle [gray bar in (A)].
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