Article

Intermittentlab earthquakesin dynamically
weakening faultgouge

https://doi.org/10.1038/s41586-022-04749-3

Received: 16 April 2021

V. Rubino', N. Lapusta®® & A. J. Rosakis'

Accepted: 8 April 2022

Published online: 01 June 2022

M Check for updates

Large and destructive earthquakes on mature faultsin Earth’s crust occur asslipina
layer of a fine granular material—fault gouge—produced by comminution during
sliding"2. A range of insights into the frictional resistance of faults—one of the main
factors controlling earthquake nucleation, dynamic propagation and arrest, and
hence the destructive ground shaking of earthquakes**—has been obtained in
experiments with spatially uniformslip imposed in small samples®*?. However, how
various features of gouge friction combine to determine spontaneous progression of
earthquakes is difficult to study in the lab owing to substantial challenges with sample

sizes and adequate imaging?. Here, using lab experiments, we show that
spontaneously propagating dynamic ruptures navigate a fault region with fine rock
gouge through complex, intermittent slip processes with dramatic friction evolution.
Theseinclude repeated arrest of rupture propagation caused by friction
strengthening at lower slip rates and dynamic earthquake re-nucleation enabled by
pronounced rapid friction weakening at higher slip rates consistent with flash
heating®'*?*. The spontaneous repeated weakening and strengthening of frictionin
fine rock gouge highlights the fundamental dependence of friction on slip rate and
associated processes, such as shear heating, localization and delocalization of shear,
and dilation and compaction of the shear layer®”2. Our findings expand
experimental support®" of the concept that co-seismic weakening may enable
earthquake rupture to break through stable fault regions®**, with substantial
implications for seismic hazard.

Characterizing the evolution of dynamicslip processes and rock friction
during fault slip in Earth’s crust is a fundamental step to enhance our
understanding of earthquake physics, as friction controls key aspects of
earthquakes, including nucleation, shear stress drop and magnitude®?,
and hence how damaging they can be. How friction evolves is a topic
of significant research and debate?* ™, Earthquakes propagate along
localized zones in layers of gouge—the fine-grain rock powder present
in natural faults that results from wear along the slipping surfaces'*
Laboratory experiments have shown that gouge friction depends on
how fast slip accumulates—that is, slip velocity (also known as slip
rate)—and its history, as described by standard rate-and-state friction
laws at slow, aseismic slip rates of several orders of magnitude around
1pms™(refs.*%). Velocity-strengthening faultsincrease their resistance
with slip velocity and respond to slow tectonic loading by aseismic
slip, whereas velocity-weakening faults allow for runaway frictional
instabilities and dynamic earthquake ruptures***. At seismicslip rates
of around 1ms™, several additional dynamic weakening mechanisms
may play arole, including flash heating, shear melting, thermal pres-
surization of pore fluids and elastohydrodynamic nanoparticle, or
silicagel, lubrication®’-16182023.27

Most laboratory experiments on static and dynamic rock-gouge
friction impose spatially uniform slip with a predetermined slip-rate

history in relatively small samples®*?.. Although such experiments are
indispensable for identifying key features of gouge friction, they cannot
provideinsight on how the various features of frictional resistance may
combine during spontaneous dynamic rupture propagation, whenslip
evolves owing to coupling between dynamic stressing—determined
by the history of slip everywhere on the interfaces and transmitted by
dynamic waves—and dynamically evolving history-dependent friction.
Experimentsinanalogue materials have revealed many features of spon-
taneous slip accumulation®7*; however, they do not consider sliding
inrock materials. Some recent experiments have studied earthquake
nucleation and slip evolution in large rock samples? and analogue
samples with rock gouge on the interface®, but they have not consid-
ered spontaneous dynamic rupture propagation over distances several
times the nucleation size owing to limitations in sample dimensions
and/or other features of the experimental setup. Hence the evolution
of spontaneous dynamic rupture on gouge-filled faults has mostly been
studied through numerical modelling, which uses laboratory-based
but simplified, empirically formulated friction laws?**%,

Here we present laboratory experiments that mimic earthquake
sequences in mature faults and show how spontaneous dynamic rup-
ture navigates a fault region with (nominally uniform) rock gouge
(Fig.1). Therupture experiences repeated arrest, dynamic re-nucleation
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Fig.1|Intermittentlab earthquake rupturesequencesinrock gouge.

a, Experimental Homalite specimen with arock-gouge layer that mimicsa
prestressed faultin the Earth. Two wires (red) are used toinitiate two
consecutive dynamic ruptures that develop within the Homalite interface
before navigating the gouge layer in two distinct rupture sequences.

b, ¢, Evolution of slip velocity along the gouge interface for the two rupture
sequences, featuring repeated rupture propagation arrest and dynamic
re-nucleation, with five main dynamic sub-events A-E constituting a highly
intermittent but stilldynamic rupture of the gouge layer. d, Illustration of how

and propagation of multiple dynamic events. The complex slip
behaviour is accompanied by rapid friction changes that combine
repeated sustained strengthening at lower slip rates with dramatic
weakening at higher slip rates. Although slower-velocity strength-
ening and faster-velocity weakening have been studied in previous
experiments>*?, mostly separately, their repeated appearance at the
same locations along the fault within the same dynamic event and their
pronounced combined effect on spontaneous earthquake rupture are
quite surprising. The occurrence, detailed visualization and quantifica-
tion of the multiple resulting dynamic rupture sub-events are possible
owingtoour highly instrumented laboratory setup that allows for the
miniaturization of the dynamic processes by using an analogue bulk
material, Homalite, while considering ruptures in rock gouge (next
section and Methods).
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such complex rupture behaviour is enabled by dramatic evolution of shear
stress and hence friction, featuring repeated strengthening supported by
dynamic stressing followed by pronounced dynamic weakening. e, Slip
distribution of the 2011 M,, 9.0 Tohoku-Oki earthquake®, which canbe
explained by dynamically induced rupture of dynamically weakened shallow
fault portions thatinitially served as astrengtheningbarrier, similar to the
interpretation of our laboratory findings. Panel eadapted with permission
fromref.?*, Springer Nature Ltd.

Creating and capturing lab earthquakes

We produce spontaneously propagating dynamic ruptures and study
how they navigate rock-gouge interfaces (Fig. 1 and Extended Data
Fig.1) embeddedinto our laboratory setup that mimics faultsin Earth’s
crust (Methods). For these experiments, we have developed a hybrid
configuration featuring a quartz gouge fault embedded along the
interface of a polymeric specimen made of Homalite-100. The hybrid
configuration allows us to retain the advantage of producing dynamic
ruptures offered by smaller instability length scales owing to bulk
Homalite properties® while permitting us to study more realistic fault
materials (Methods). This important advantage allows us to observe
well developed ruptures within aspecimen size of tens of centimetres
instead of metres, as would be required for bulk rocks?? (Methods).



We use fine-grained quartz powder, with most particles being 5 pmin
diameter or smaller, to simulate the fine gouge found along the prin-
cipal slipping zones of mature faults"?, Previous versions of this setup
featuring dynamic ruptures along Homalite interfaces, without gouge,
have been successfully used to investigate a number of fundamental
issues in earthquake physics, including the sub-Rayleigh-to-supershear
transition, rupture directionality owing to the bimaterial effect and the
pulse-like-to-crack-like transition®?°,

Inthis study, two rupture sequences are initiated by means of small
burstsinduced by two wires placed across the fault (Fig. 1a). The initial
pre-load level (P=14 MPa) and the faultinclination angle (a = 29°) result
in the initial fault-resolved shear and normal stresses of 6 MPa and
11 MPa, respectively. After the first sequence of ruptures has propagated
andarrested, the prestressis reset tothe sameleveland anew rupture
isinitiated by triggering another wire (Extended Data Fig.1and Meth-
ods). Our dynamicimaging captures the complex full-field behaviour
of ruptures propagating through the gouge interface (Fig. 1b, c and
Supplementary Videos 1-3), including the slip history of dynamic
event sequences (Fig. 2a, b) and the friction evolution along the fault
(Fig. 2¢). These measurements are enabled by our recent advances in
quantifying the full-field distributions of displacements, velocities
and stresses using our recently developed ultrahigh-speed imaging
technique based on the digital image correlation (DIC) method*?¢-8,

Intermittent dynamic rupture in gouge

We find that slip in the rock gouge proceeds through sequences of
dynamic, laboratory earthquake events triggered by dynamic rupture
nearby. The first sequence of events within our observation window
starts with a supershear rupture entering the gouge layer and arrest-
ing shortly after (rupture Ain Figs. 1b, 2a, Extended Data Figs. 2,3 and
Supplementary Video1), which indicates that the gouge layer initially
acts as a barrier to the propagating dynamic rupture. As the rupture
arrests, it leaves residual, much smaller, ongoing slip (with slip rates
at the resolution limit of 0.4 ms™, see Methods; Fig. 1b). At the same
time, it is clear that slip continues outside the observation window,
along the Homalite interface, as the arrest of rupture upon reaching a
barrier canbe only gradual, with the healing fronts propagating at best
with the wave speeds**°. As a manifestation of that, the next attempt
to rupture the gouge layer comes from the trailing-Rayleigh rupture
feature (event BinFigs. 1b, 2a), which typically follows the supershear
rupture tip (Extended Data Fig. 2a)*. This rupture also loses steam
shortly after entering rock gouge, with the gouge again acting as a
barrier to the advancing rupture. Again, heterogeneous slower slip is
left in its wake. The ongoing slip on the Homalite interface results in
other accelerated slip events at the edge of the gouge, such as events
CandDin Figs. 1b, 2a.

Next, in a departure from these attempts of slip to penetrate into
the gouge from the edge, a prominent dynamic rupture E accelerates
fromwithinthe gouge (at 87.6 ps; Figs. 1b, 2a, Extended Data Fig. 4 and
Supplementary Video1). This laboratory rupture initially grows bilater-
ally, then propagatesinto the gouge, and finally arrests well within the
imaged window. For dynamic rupture E to initiate within the gouge,
despite prior rupture arrest there and inashort time (microseconds),
it clearly requires either rapid additional loading through dynamic
wave-mediated stress changes, or rapid dynamic weakening, or both.In
thatsense, event Eand other similar events are dynamically triggered.
Event Estartsinthe generallocation where prior ruptures Band C par-
tially arrest (Figs. 1, 3), indicating the importance of stress concentra-
tions there owing to the (dynamic) process of establishing the static
stress field*° corresponding to the already accumulated slip in events
B-D (Extended Data Figs. 3, 4, 9). At the same time, event E nucleates
aroundx; =12 mm (wherex;is parallel to the interface and indicates the
distance from the left boundary of the imaging window; see Fig. 1a),
notatthelargest stress concentration left by the prior arrests (whichis

atx,; =18-20 mm; Extended Data Fig. 9), and the nucleation process of
event Eoccurs over dynamic timescales, suggesting that the dynamic
re-nucleation is promoted, at least in part, by wave-mediated stress
changes. The ongoing slower slip after the partial arrest of event D
may also lead to localization processes that can activate weakening
mechanisms, for example, owing to flash heating'>'**}, and our quan-
tification of the fault friction indeed indicates that, as discussed in the
next section (Fig. 4).

The second rupture sequence features an initially similar succes-
sion of events, with the supershear and sub-Rayleigh portions of the
incoming rupture (labelled as ruptures A and B in Fig. 1¢) stopping
their propagation shortly after entering the gouge layer (Fig. 1c and
Supplementary Video 2). However, unlike in the first sequence, seismic
slip continues next to the edge of the gouge region with slip rates of
about1m s™(Fig.1cand Extended Data Fig. 5), presumably sustained by
continuous dynamicloading by stress waves from the slipping Homalite
interface nearby. Eventually, the slip accelerates, leading to event Cthat
propagatesinto the gouge (Figs. 1c, 2b,3a-d and Extended Data Fig. 5).
Theslip-rate profiles along the interface capture the slip acceleration
of rupture Candits further propagation (Fig. 3a, dashed and solid blue
curves), which arrests within the gouge.

Next, inanew development, dynamic rupture enters the field of view
fromthe other end of the observation window at about 73.8 s (event D
inFig.1c,2b,d and Extended Data Fig. 6) and spreads against the main
propagation direction of the other ruptures (Fig. 2d, Supplementary
Video 2), with the propagation arresting at about 76.8 ps. Although
slipinthiseventis relatively small, its appearanceis notable: it clearly
indicates rupture initiation to the right of the observation window,
whereas some of the gouge interface within the window still has not
experienced any significant slip. This supports the role of dynamic
stress changes in triggering the event at a (nearby) distance. Shortly
thereafter (at about 81.8 ps), slip dynamically accelerates within the
portion of theinterface where event C has arrested and which hasbeen
ruptured by event D, and spreads as dynamicrupture E (Figs.2b, 3a, e, f
and Extended Data Fig. 6).

In each sequence, rupture events A-E can be (and observationally
would be) considered the same dynamic event that stops propagating
multiple times but always maintains seismic slip rates of 0.4-1ms~,
accelerating and re-initiating dynamic propagation owing to dynamic
stresswaves. Inthe second sequence, events A-E take about 70 ps over-
alltocross the gouge region of 47 mm, from the beginning of event Bto
when event E exits the field of view. Although the actual local rupture
speed is clearly intermittent, the average speed of slip crossing the
gouge layer is about 0.7 km s or 0.5 of the bulk shear-wave speed,
clearly indicating that the whole process is quite dynamic.

Considering the local rupture speeds leads to an additional insight
thatthe dynamically re-nucleated eventsinitiate inside the 10-mm-thick
interface and then propagate to the lateral free surface where we
observe themby DIC (Extended Data Fig. 7and Methods). Thisinsight
indicates that the (dynamic) nucleation sizes are smaller, and poten-
tially much smaller, than the interface width of 10 mm. The nuclea-
tion size typically scales with the shear modulus of the bulk material,
whichisabout 20 timeslarger for rocks than for Homalite, and inversely
scales with the effective normal stress, whichis g, =11 MPain this case
(Methods). Hence the corresponding dynamic nucleation size for a
case of rock gouge within rock bulk at 11 MPa effective normal stress
wouldbelessthan (and potentially muchless than) 10 mm x20=0.2 m.
Thisupper bound is notably smaller than quasi-static nucleation sizes
(Imat o, =6 MPa, translating into 0.57 m at g, = 11 MPa) observed in
rock experiments in large samples?? (Methods), with the caveat that
the friction properties may also be different between the two experi-
ments. This comparison suggests that dynamic nucleation sizes may
be much smaller than quasi-static ones, consistent with other studies,
numerical simulations* and our experiments on rupture triggering
by fluid injection*2.
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Fig.2|Slip history for the two rupture sequences. a, b, Incremental slip
versus position along the interfaceillustrating, from bottomto top, the five
mainevents A-Einrupture sequences1(a)and 2 (b). Events E dynamically
nucleate well within the gouge region. Colours separate the slipaccumulation
historyinto four periods, with the same colours used in Figs. 3, 4. Insets: the full
field fault-parallel particle velocity at selected time frames. The vertical black

Dramaticfriction changesin gouge

The highly intermittent rupture propagation within the gouge corre-
sponds to markedvariations of the friction coefficient, obtained as the
ratio of shear and normal stresses (Fig. 4 and Extended Data Figs. 8,9).
During the first sequence, friction shows a purely strengthening
behaviour with the arrival of the first supershear rupture, increasing
by Af= 0.1, over about 5 um of slip in some locations (Extended Data
Fig. 10). During the second sequence, the behaviour is similar. When
thetrailing-sub-Rayleigh rupturesarrive, friction drops substantially,
by Af=0.22 and Af = 0.35 for the first and second sequences, respec-
tively, again over only 5 um or so of slip (Fig. 4a, e). Similarly striking
dynamic friction strengthening and weakening are exhibited during
rupture events C and D dynamically re-nucleating within the gouge
interface. For example, before and at the beginning of event C of the
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dashedlinesindicate the locations of friction versusslip evolution givenin
Fig.4.c, Frictionevolution with time and distance along the interface. Two
planes, atx;=5mmandx, =40 mm, intersect the friction surface and provide
thefriction time history at those two locations. d, Snapshots of the
fault-parallel particle velocity during event D of the second rupture sequence.

second sequence (Fig. 2b), arepresentative location (x; =5 mm) shows
sustained strengthening of Af= 0.1, this time over about 15 pm of slip
(fromabout 18 pmto about 33 pm of slip), followed by dramatic weak-
eningduringevent Cof Af= 0.58 over only about 30 pum of slip, down to
f=0.15.Thesubsequent event E shows even more marked strengthening
followed by an even more prominent weakening, with the decrease of
thefriction coefficient by Af = 0.64 (Fig. 4f, h). All pronounced weaken-
ing episodes are followed by pronounced healing, with Af= 0.58 and
Af=0.27 for ruptures C and E, respectively (Fig. 4e, f). It is noted that
healing occurs extremely rapidly, over several microseconds in time
and several micrometres in slip.

The substantial strengthening of the interface—which precedes
the fastest sliding episodes—generally occurs with increasing slip
rates, and hence it is conceptually similar to velocity strengthening
of the standard rate-and-state friction laws*, although it appears to
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be quantitatively different. For example, as slip rates increase from
about V,=1ms™toabout V,=2ms™ (over about 15 pm of slip) before
event C (Fig.4g), frictionincreases by about 0.1 (Fig. 4e), whichis much
larger than about 0.01 In(V,/V;) = 0.007 expected from the standard
rate-and-state friction formulations and parameters (Methods). It is
noted that the observed friction increase cannot be explained by the
rate-and-state direct effect of steady-state velocity-weakening fric-
tion, as strengthening owingto the direct effect occurs with negligible
slip compared with subsequent weakening, as observed in numerical
models* and dynamic rupturesin Homalite interfaces®. In contrast, the
rock gouge in our experiments experiences sustained strengthening
over slip scales that are comparable to those of weakening (Figs.1d, 4,
Extended Data Fig. 10 and Methods). It is also noted that the rupture
arrest in rock gouge cannot be easily interpreted in terms of higher
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interface (c) and full-field map of the shear stress ataselected time

(d), highlighting propagation of event C. e, f, Distribution of shear stress along
theinterface beforeand after event E (e) and full-field map of the shear stress
afterevent E (f).

values of fracture (also known as breakdown) energy, aconcept widely
used to describe the interface resistance to fracture which, in some
cases, can be analogous to frictional failure***#*% Thisisbecause the
small-scale yielding approximation—that makes the fracture (break-
down) energy a governing parameter in crack propagation—does not
apply tothe gouge resistance we measure, which ‘yields’and ‘unyields’
repeatedly and weakens to different levels as slip accumulates.

The observed pronounced weakening and healing also cannot
be solely due to the relatively mild logarithmic friction variations
described by standard rate-and-state laws. Instead, our measurements
of rapid friction weakening are consistent with the flash-heating weak-
ening mechanism®?, During flash heating, the micrometre-scale tips
of contacting asperities heat and weaken for large enough slip rates,
resulting in amarked drop in frictional strength with a pronounced
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Fig.4 |Evolution of dynamicfriction within the rock gouge withrepeated
strengthening, pronounced weakening and healing. a-h, Friction versus
slip (a, b, e, f) andslip rate versusslip (c,d, g, h) for the rupture sequences1
(a-d) and 2 (e-h), for selected locations along the interface. The friction
evolutioninbothsequencesis characterized by marked strengthening, for slip
ratesas high as 0.5-2 ms™, followed by dramatic weakening at higher slip rates
consistent with flash heating. Itis noted that strengthening and weakening
occur over comparableslip scales of 5-30 um (see also Extended Data Fig.10)
and, together, explain theintermittent rupture arrest and re-nucleation.

1/Vdependence on the slip velocity V. Owing to the highly local and
transient nature of the process, frictional strengthis quickly recovered
when the slip rate subsides. The lowest values of the friction coeffi-
cient we find, 0.15-0.2, are consistent with previous measurements
of flash-heating weakening in quartz gouge™. These very low friction
values also confirm that we have slip within the quartz gouge, and not
on the gouge-Homalite interface, as the lowest dynamic friction on
Homalite interfaceis 0.26, even for much higher slip rates®. It is noted
that dynamic weakening in our experiments occurs over short slip
scales of the order of 5-30 um, consistent with the theories of flash
heating®. The pronounced weakening occurs for slip rates larger than
0.5-2 ms™, consistent with previous measurements on rock gouge''®
and notably larger than weakeningslip rates of the order of 0.1 m s for
initially bare rock surfaces.
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Although our dynamic friction measurements are consistent with
the theory and previous quantification of flash heating, several other
dynamic weakening mechanisms have been proposed and could con-
tribute to the weakening we observe—as well as to weakening on natu-
ral faults with comparable consequences—including shear melting,
silica gel lubrication, and amorphous nanopowder and nanoparticle
lubrication®”2°_Other weakening mechanisms commonly used to
explain fault weakening are thermal pressurization of pore fluids®
and elastohydrodynamic lubrication of faults® but these mechanism
cannotbe operating here asthey require the presence of fluids and our
experiments are performed on dry gouge.

Implications for earthquake processes

To summarize, our laboratory earthquake sequences navigate a fault
region filled with rock gouge through intermittent rupture propa-
gation that exhibits rupture arrest, dynamic stressing and dynamic
re-nucleationintriggered events, all within timescales comparable to
asingle dynamic rupture. The gouge-filled interface initially behaves
as abarrier, stopping rupture propagation, consistent with strength-
ening friction at slip velocities at and below 0.5-2 m s™. However, as
dynamicstressing of the arrest locations leads to higher slip velocities,
dynamic weakening consistent with flash heatingis activated, leading
todynamicre-nucleation of rupture propagation. Overall, these faster
and slower slip events appear asacascade, similar to the observations
of earthquake triggering by cascade of foreshocks***’.

We find dramatic repeated variations of friction in the rock gouge,
with substantial sustained strengthening at lower slip rates of
0.5-2ms™, followed by rapid dynamic weakening at higher slip rates
thatenable the fault tolose 50-75% of its strength in just tens of micro-
metres of slip, and then followed by equally rapid healing in several tens
of microseconds. These pronounced repeated changes, notonlyinthe
values of friction butalso inits nature—from substantially strengthen-
ing to rapidly weakening and back—explain the intermittent rupture
propagation. The friction evolution we observe is conceptually con-
sistent witha combination of velocity-strengthening friction at lower
slip rates and pronounced dynamic weakening at higher slip rates.

Our friction measurements stand in contrast to acommon assump-
tion that friction generally weakens once during dynamic events, as
captured by slip-weakening friction formulations with peak friction
at (or close to) the onset of seismic slip evolving to lower dynamic
friction>***, The rupture behaviour observed in our experiments can
only bereproduced ifthe fundamental dependence of friction on slip
velocity, in addition to other state variables, is properly accounted for;
it cannot be replaced by an ‘effective’ slip-weakening friction.

Our experiments reveal that complex spontaneous sequences of
dynamic events can occur even on nominally homogeneous—and
homogeneously prestressed—gouge interfaces, simply owing to the
complex local dependence of friction on slip velocity and its history.
Thisisin contrast to our previous studies on Homalite interfaces, which
have documented accelerating continuous ruptures under similar
loading conditions®®. The main difference is the unexpectedly pro-
nounced, sustained and repeated strengthening of the rock gouge
evenatalready seismicslip rates of 0.5-2 m s and even after repeated
pronounced weakening at higher slip rates. This repeated strengthen-
ingisunexpected given previous findings of more long-lived evolution
from strengthening to weakening with slip" and highlights the chal-
lenge of understanding friction evolution in granular layers, which
can accommodate slip with different levels of evolving localization
and delocalization of the shear and exhibit grain-size dependence, in
addition to other effects®* ™.

The repeated dynamic re-nucleation of rupture propagation in our
experimental fault gouge is reminiscent of near-field dynamic trigger-
ing*®*°, and suggests that enhanced dynamic weakening may have a
role in dynamic triggering. An increasing body of evidence indicates



that earthquakes can be triggered by dynamic stress changes*®™., Our
experiments provide evidence of dynamic re-nucleation occurringon
the same timescales asthe dynamic stress perturbations, although the
process occurs within the fault area of stress concentration caused by
arrest of prior events. Seismic events dynamically triggered in nature
are also thought to occur in special places, such as locations of high
prestress or low strength*~!, Our findings indicate that rapid dynamic
strength evolution may also have arole. Animportantissue with dynamic
triggering is how to sufficiently speed up the slow nucleation process
so that it can occur within the time of dynamic stress perturbations,
which are relatively short. For example, with standard rate-and-state
frictionlaws, dynamic waves canonly trigger nucleating sites that would
rupture very soon anyway>2, Our experiments suggest that enhanced
dynamic weakening may provide animportantadditional ingredient: if
the short-lived dynamic stressing by waves raises the slip rates enough
toactivate enhanced dynamic weakening, either owing to flash heating
or by other numerous mechanisms proposed that may require lower slip
rates>8101618202327 then the nucleation can potentially be achieved on
dynamic timescales and from amuch smaller spatial extent, as observed
in our experiments and supported by other studies®***,

Our experiments show that pronounced dynamic weakening in
fine fault gouge can occur with very small amounts of dynamic slip,
5-30 um. This finding suggests that dynamic weakening may contribute
toslip processesin earthquakes of all sizes, including microseismicity,
which may explain the high stress drops and other observations for
some microseismic events®. It is noted that the amounts of dynamic
slipneeded for pronounced dynamic weakeningin fine fault gouge are
much smaller thansslips of the order of 1-10 mm needed for transition
from velocity-strengthening to moderately velocity-weakening friction
in slow-friction sliding experiments®',

Finally, our experiments illustrate how dynamic rupture may navi-
gate initially velocity-strengthening fault regions, which, in general,
present a barrier to dynamic rupture propagation. Despite the pro-
nounced dynamic weakening, our laboratory rupturesstill lose steam
and nearly arrest, with the gouge layer serving as astrengthening barrier
until dynamic weakening is activated. These findings offer additional
experimental support®" to the hypothesis that dynamic weakening
mechanisms may occasionally allow earthquake ruptures to propa-
gate through stable, creeping fault regions that are at present largely
considered immune to seismic slip, with important implications for
seismic hazard. Allowing for such propagation explains many short-
and long-term observations from the area of the great 2011 moment
magnitude (M,,) 9.0 Tohoku earthquake® (Fig. 1e) as well as seismic
quiescence of several segments of the San Andreas Fault®. At the same
time, many earthquakes fully arrest in creeping fault regions®*. Our find-
ings motivate further studies of shear resistance of fault zones to rapid
sliprates, both strengthening and weakening, to enable physics-based
predictive modelling and seismic hazard assessment.
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Methods

Preparation of the rock gouge interface embedded in the
polymer sample

The laboratory setup simulates earthquakes by dynamic ruptures
propagating along a quartz gouge interface embedded between two
plates of a polymer, Homalite-100, loaded in compression and shear
(Fig.1). Two quadrilateral plates of size 200 mm x 200 mm x 10 mm
are cutout of aHomalite-100 sheet with acomputer-numerical-control
machine. The mating faces are then polished to anear-optical grade finish
and bead-blasted with abrasive glass beads with diameter in the range
104-211 pm (refs.?*%®). The quartzgouge interfaceis produced by employ-
ing a fine-ground quartz powder commercially available (MIN-U-SIL 5,
USSilica), that has 99.5% content of silicon dioxide, and 96% of the grains
equaltoorlessthan5 pminsize. Al-mm-deep channelis milled alonga
portion of each mating half of the Homalite specimen (colouredinbrown
in Fig.1a). The channel is 65 mm x 9 mm, with the wall thickness being
0.5 mmoneachside. The channel contains the rock-gouge material dur-
ing preloadingand prevents it fromspilling over during rupture propaga-
tion. Afine mist of glue is deposited at the bottom of each channel, and
then each halfof the specimenis pressed against quartzgouge, atroom
humidity, laid on a flat working surface. The deposit of glue allows the
gouge particles toadhere to the bottom of the channel, but at the same
timeit does notinterfere with the gouge particles through the thickness
ofthe gouge layer. The thin layer of gouge particles glued at the bottom
of each of the channels manufactured in Homalite ensures that shear
failure takes place within the gouge thickness, rather than along the
gouge-polymerinterface. The excess gouge is subsequently removed by
passing arazorblade over theinterface, ensuring that the packed gouge
is flush with the lateral walls of the channel. The two mating halves are
then placed into contact and into the specimen holder, which in turn
is positioned in the loading frame. The lateral surfaces are thoroughly
cleanedto prepare them for opticalimaging. Using thismanufacturing
protocol ensures that the shear stresses measured in the polymer are,
by traction continuity, those experienced by the gouge layer and allows
us to measure the frictional behaviour of rock gouge.

Controlled rupture initiation procedure

The applied load Pand inclination angle a control the level of applied
normal and shear prestress, 0, = Pcos’a and 1,= Psinacosa, respec-
tively. Two nickel-chromium (NiCr) wires (Wland W2in Extended Data
Fig.1) are placed across theinterface at adistance of 15 mmfromeach
other and 22.8 mm from the beginning of the imaging window.
The two wires are connected to a high-voltage capacitor bank. The
specimen is loaded quasi-statically to P=14.3 MPa, then a dynamic
ruptureisinitiated in Homalite by the rapid discharge of the first NiCr
wire (Wlin Extended DataFig.1), with the capacitorsetat1.5 kV. Under
these loading conditions, a supershear rupture, followed by a
trailing-Rayleigh signature, is produced along a purely Homalite inter-
face®*% anditis the only rupture the initiation of whichis controlled
using this experimental procedure. The other ruptures observed dur-
ingthe sequenceare associated with the coupling between stress waves
travellingin the medium and the frictional behaviour of quartz gouge.
After the first sequence of dynamic events, the load isincreased again
to P=14.4 MPa, and a new rupture is initiated from the second NiCr
wire (W2 in Extended Data Fig. 1), with the capacitor set at 2.0 kV.

Full-field imaging technique

The full-field behaviour of laboratory earthquakes is captured using
DIC* coupled with ultrahigh-speed digital photography, tailored to
capture dynamic ruptures®?3¢-385%6° To provide a characteristic texture
for image correlation, a region of interest is covered with arandom
speckle pattern over awhite coating. The sequence of images deformed
by the propagating rupturesis captured by an ultrahigh-speed camera
(Shimadzu HPV-X) at one million frames per second, and is processed

withimage-matchingalgorithms to produce the evolving sequence of
full-field displacements, velocities and stresses. The field of view used
inthisstudyis47 x 29.4 mm”and is positioned entirely over the portion
of the interface enriched with rock gouge, that is, it does not contain
any portion of the Homalite interface. The field of view starts at the
edge of the gouge closest to wires that initiate the rupture sequence
and ends within the gouge layer, with 10 mm of the gouge layer being
outside the field of view. Displacement fields are obtained using the
commercial software VIC-2D (Correlated Solutions), with a subset size
of 51 x 51 pixels®and a step size of 1 pixel, using the ‘Fill-Boundary’ algo-
rithmto treatinterface discontinuity. The firstimage in each sequence
is taken as the reference configuration for the digital correlation.
Todenoise the displacement obtained from DIC, the fields are filtered
using the nonlocal means filter****¢? and are subsequently processed
using the ‘symmetry-adjustment’ procedure®, where the fault-parallel
and fault-normal displacements are enforced to be antisymmetric and
symmetric, respectively. The particle velocities and strain changes are
computed from the displacements by time and space differentiation.
Slipis computed by the difference of displacements at pixels immedi-
ately above and below theinterface, and slip rateisits time derivative.
Owing to the measurement uncertainties associated with the size of
field of view used, we can resolve displacements on the order of about
0.2 pmover 1 ps (ref. %), and hence particle velocities of 0.2 ms™. For
thisreason, the smallest contour lines in the particle velocity maps are
0.25 ms™. The smallest slip rates we can resolve are on the order of
0.4 ms™. Itis noted that the full-field maps of particle velocity in the
Supplementary videos contain some small negative values of slip rate,
whichare not physical as shear stresses are oriented to cause positive
sliprates. These negative slip rates are below the measurement sensi-
tivity and hence they are due to the measurement error. Stress changes
are computed from strain changes using the effective linear elastic
properties of Homalite-100, with Poisson’s ratio and dynamic Young’s
modulus v=0.35and £ =5.3MPa, respectively**®, The total stresses
are obtained by adding the prestress levels 7, and gyto the dynamic
stress change®. The prestresses 1,and gyare those computed using the
measured Pbefore each sequence. The stress fields obtained by numer-
ous previous photoelastic measurements and the repeatability of the
testsindicate that the assumption of uniform prestress levels is reason-
able. It is noted that there may be some mild stress heterogeneities
along the interface with deviations from 7y and o, which would result
inslightly different total stresses. The total shear stress given in Fig. 3c—f
and obtained under the assumption of constant prestress, helps visu-
alize the level of stress experienced by the fault, but our observations
focus on the measured stress changes (Extended Data Figs. 3-6), not
onthetotal stresslevels. Frictionis computed by the ratio of shear and
normalstress, averaged one pixel above and below the interface®. Note
that friction may be affected by shear stressinhomogeneities. However,
here we focus onfriction changes and our observations of pronounced
friction variations do not depend on the assumption of constant pre-
stress.

Theoretical estimates of the quasi-static nucleation size
Thenucleationlength scale onafault governed by rate-and-state fric-
tion can be estimated using the following relation®*:

1 n b Dgs
n(d-v) (b-a)> O

where pis the shear modulus, Dy is the characteristic length scale of
rate and state, o is the normal stress, and a and b are rate-and-state
parameters; the relation is valid for 0.5 <a/b < 1. This theoretical pre-
diction provides an order of magnitude estimate, useful to design our
experiments. Assuming (b -a) =0.005, b=0.02 and Dgs=1pum for
the rate-and-state properties of Homalite-100 (Lu 2009), computing
the (quasi-static) shear modulus of Homalite from the low-strain-rate
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Young's modulus 2.17 GPa (ref. ®®) and Poisson’s ratio v = 0.35,and taking
0=11MPa,yields anucleation size i\ maiice = 28.6 mm. Nucleation sizes
ontheorder of tens of millimetres enables us to produce dynamic rup-
tures withinsmalllaboratory specimens, even for relatively low confine-
ments, which is an important advantage of this configuration.
Assuming a shear modulus representative of rocks (for example,
1 =16 GPa) and keeping the same rate-and-state parameters yields
hoe = 0.57 m. Although the actual values of the rate-and-state param-
etersaand b may be different for the gouge and Homalite interface, the
termb/ (b - a) %islikely tobe of the same order of magnitude.Dgg=1um
is consistent with previous laboratory measurements'>®. Hence,
employing arock sample would result in nucleation length scales on
the order of 1 m at 6 MPa of applied normal stress, consistent with the
large sample size used in experimental setups using natural rocks?%%,
This consideration highlights the advantage of a hybrid configuration
featuring aspecimen made of apolymer that resultsin asmaller nucle-
ationlengthscale,and alayer of rock gouge embedded along theinter-
facetoexplorethefrictional properties morerelevant to natural faults.

Rupture re-nucleation within the gouge layer and predictions
for rupture speeds

The dynamically nucleated ruptures E in both rupture sequences
(Fig.2b, c) appear to propagate with supershear and even supersonic
speeds (Extended Data Fig. 7f, g). These apparent rupture speeds of
events E atthe surface of the sample start with values much larger than
the wave speeds and then monotonically decrease with propagation
alongtheinterface (Extended DataFig.7). The apparent rupture speeds
aremeasured alongthe lateral free surface on which the displacements
are calculated, using the contour lines of the slip rate in the x;—¢ plane,
where tistime. Toidentify the rupture fronts, we consider contour lines
of0.75ms and 1.5 ms™of sliprate as thresholds (for sequences1and 2,
respectively, Extended DataFig. 7b, c).

These unphysically large rupture speeds can be explained by rupture
initiating within the thickness of the gouge layer and dynamically
propagating towards the surface of observation with the actual rupture
speedV,. (Extended Data Fig. 7a). Indeed, the acceleration on the lat-
eral surface (during events E from both sequences) takes place over
less than 5-10 mm, the length smaller than the 10-mm thickness of the
interface, indicating that the thickness cannot be ignored. In the sim-
plest case of the rupture starting fromamid-point of the interface and
spreading with a constant (actual) rupture speed V,., the apparent
rupture speed V,,, observed on the lateral free surface is given by the
following relation:

AB 2%

Vo= pp ~ Vaer |1+ 5y

wheret,is the time at which the rupture front reaches the free surface
atthelocation where measurements are performed, denoted by point
Ain Extended Data Fig. 7a and corresponding to the position x,along
the xjaxis, on the free surface. The time interval At =t - ¢, is the time it
takes the rupture front to advance from A to B along the free surface.
The location of point B along x; is given by:

At 2t
=0+ [ | Vi [1+ 50 d(AE)

We fit this analytical model to the experimentally measured propa-
gation of the rupture front along the free surface of the dynamically
nucleated ruptures. We assume a constant V, . and assume initiation
froma pointsuch that¢y,= (h/2)/V,.

The fit of the analytical model to the experimental measur
ements estimates actual rupture speeds of V! ,=0.26 kms™ and
V! =0.46kms™, for ruptures E of sequences1and 2, respectively, and

to=23.6us and t,=10.8 us (Extended Data Fig. 7d, e). It is noted that
both of these rupture speeds are subshear. In fact, considering the
high-strain-rate shear-wave speed of Homalite-100 (c,=1.29 kms™),
V!=026kms'=0.16c,andV!,=0.46kms™'=0.36c,

Hence the observed apparent, variable speedV, of the intersection
ofthe rupture front and the observational surface can be well matched
forV,,0f 0.16 c;and0 . 36 ¢, forruptures Eineach of the two sequences,
respectively, quite reasonable initial rupture speed of just-initiated
events (Extended Data Fig. 7, Methods). Of course, the actual rupture
probably starts from a finite-size nucleation region and continuously
accelerates during the initial propagation, makingV,..an estimate of the
average rupture speed over the initial roughly 6-8 mm of propagation.

Interpreting friction strengthening through standard
rate-and-state friction formulations

In rate-and-state friction formulations, friction is a function of slip
velocity § = V and of a state variable 8, describing the evolution of the
contacting asperities*®707:

f=f +a log(%j +b Iog(vfej

*

where f is the reference friction coefficient at the reference slip rate
V,,aand barerate-and-state parameters, and L is the characteristic slip
for the evolution of the state variable. One form for the evolution law
of the state variable is the so-called aging law’° ?and is widely used in
theliterature:

do_, _ve

de "~ L

Several other evolution laws have been proposed, including the slip

law’?and the composite law””°, According to rate-and-state laws, dur-
ing changes of slip velocity, friction has history-dependent effects,
which are described by the state variable. At constant slip rate and
once enough slip has occurred, it becomes solely rate dependent.
At steady state, the friction coefficient takes the form:

fo=f+ (a—b)log(%}

*

Depending on whether (a - b) is positive or negative, friction can
increase or decrease with increasing slip velocity and be velocity
strengthening or velocity weakening. One important feature of rate-
and-state friction is that when slip velocity increases rapidly from
toV,, with negligible slip so that the state variable cannot evolve, the
friction change is given by Af=alogV,/V; , the so-called direct effect
(which also occurs with negligible slip). It is noted that regardless of
whether friction is velocity strengthening or velocity weakening, the
direct effect always results in animmediate friction increase upon an
increase inslip velocity, as ais a positive quantity. If slip velocity incre
ases gradually fromV; toV,, with ample slip so that the state variable
can evolve to its steady state, the friction change is given by
Af=(a-b)logV,/V; . According to laboratory measurements, both
aand (a - b) are of the order of, and typically less than, 0.01 for rock
surfaces and gouges*®. It is noted that if the strengthening in our
experiments were due to the direct effect of otherwise rate-weakening
rate-and-state friction, then the strengthening would occur over neg-
ligible slips compared with the weakening.

Data availability

The datagenerated inthis study are available through the CaltechDATA
repository at https://data.caltech.edu/records/2155. Source data are
provided with this paper.
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Extended DataFig.1|Specimenloading timehistory. The specimenis
compressedinthe axial directionby aload P, whichresultsinaresolved normal
and shear stresses on theinterfaceinclined atan angle a, given by 6, = Pcos?a
and 7y = Psinacosa, respectively. The load is quasi-statically increased up to
P=14.3 MPa, thenthefirst sequence of rupturesis triggered by the discharge of
wire W1. After the first sequence of recorded events, and additional slip

occurring after the end of recording, theload dropstoP=13.3 MPa. The
far-field loading is subsequently increased to P=14.4 MPaand the second
sequence of eventsis triggered by the discharge of W2. Theinset to the right
shows the bottom half of the sample with the gouge insert and the location of
thelower half of the field of view with the speckle pattern used to analyse the
sequence ofimages with the digitalimage correlation method.
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Extended DataFig. 2| Slip-velocity time history. a, b, Slip-velocity mapsasin 7).

Fig.1b,cplotted over the same time and space range but using a different
slip-velocity scale of 4 ms™and 9 ms™, respectively. ¢, Slip-velocity time history
forareferencerupture propagatinginaHomalite interface, displaying a

supershear rupture followed by a trailing-Rayleigh signature (data fromref.
d, Slip-velocity time history for the second rupture sequence at the location
X, =6.9mm, shown by adashed whitelineinb.
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Sequence #1 — part 1
Shear stress change
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Extended DataFig. 3 | Snapshots of the full-field distributions of
fault-parallel particle velocity and shear stress change during the initial

phaseofthefirst rupturesequence. The full-field maps show, top to bottom,

the supershear rupturearrest (eventA) at t=38.6 ps, the arrival of the

x1 (mm)

sub-Rayleigh rupture (event B) at t = 44.6 ps, its propagation (¢ = 50.6 ps), and
subsequentarrest (¢ =56.6 ps). Note that the stress concentration at the arrest
time of event Bis relatively minor and at adifferentlocation fromwhere event E
isdynamically re-nucleated later (Extended Data Fig. 4).
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Extended DataFig. 4 |Snapshots of the full-field distributions of
fault-parallel particle velocity and shear stress change during the later
phaseof thefirst rupture sequence. The full-field maps of the propagation of
atriggeringattempt (event D) at ¢ = 72.6 us (top row) indicate that, even at this
intermediate time between the arrest ofevent Bat 56.6 ps (Extended Data

Shear stress change
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Fig.3) and dynamicinitiation of event Eat ¢t = 87.6 ps (second row), the largest
stress concentration is not where event E initiates, highlighting the dynamic
and transient nature of shear stress changes that balance the evolving frictional
resistance. The thirdand bottom rowsiillustrate the subsequent propagation of
eventE (t=88.6 usand 92.6 ps).
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Extended DataFig. 5| Snapshots of the full-field distributions of edgeatt=35.8 pus, withthe correspondingincreasing shear stressillustrating
fault-parallel particle velocity and shear stress change during the early how strengthening occurs; nucleation of event Catt=41.8 ps; and its

phase ofthesecond rupture sequence. The full-field maps show the arrest of progression (¢=54.8 usand t=65.8 p1s).
the sub-Rayleigh rupture (event B) at t = 30.8 ps; slower slip occurring at the
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Extended DataFig. 6 | Snapshots of the full-field distributions of
fault-parallel particle velocity and shear stress change during the later
phaseofthe second rupture sequence. The full-field maps show the fields
right after thearrest of event C (¢=72.6 ps), featuring arelatively mild stress
concentration where event E is eventually triggered; a triggering attempt (event
D) att=73.6 us; dynamic nucleation of event Eat ¢ = 81.8 ps, with substantial

0 10 20 30 40

X1 (mm)

dynamicincreaseinshear stresssince event D; and subsequent propagation of
eventEatt=85.8 psand 89.8 ps. Therupture initially propagates bilaterally
(t=83.8-87.8 us), with the left front eventually losing steam, and the right front
exitingthe field of viewasastrongrupture. This rupture resultsina pronounced
shearstressdrop of AT =7.5MPa (t=83.8 - 89.8 us).
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Extended DataFig.7|Model showing the actual and apparentrupture
speeds. a, Schematics showingadynamic rupture originating within the

gouge layerat O and reaching the surface of observation at thelocation A at
time ¢, while propagating atarupture speed V... As the rupture front swipes
through the freesurface, where measurements are performed, it resultsinan
apparentrupturespeed V,,.. b, ¢, Maps of slip-velocity histories for rupturesE,
withblack lines outlining the position of the rupture front.d, e, Contour lines of
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therupture fronts (black lines), thesame asinb, ¢, and the fit using the
analytical model (bluelines) described in the text.f, g, Theapparent rupture
speed onthe freesurface, for events Einsequencesland2, respectively,
showing unphysicalinitially supersonic rupture speeds. Using the model in
a,theseunphysicalapparent rupture speeds can be explained by the actual
rupture speeds of 0.16 c;and 0.36 ¢, respectively.
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Extended DataFig. 8| Friction and slip-velocity time histories within the
rock gouge with pronounced and repeated strengthening, enhanced
weakening, and healing. Friction versus time (a, b, e, f) and slip rate versus
time (c,d, g, h) orthetworupture sequences, for selected locations along the
interface. AsinFig.4, but with friction andslip rate plotted versus time rather
thanversusslip. Colours are the same asin Fig. 2. Similarly to the friction
evolutionwithslip (Fig. 4), the friction time histories shown here are
characterized by marked strengthening, forslipratesashighas 0.5-2ms?,

followed by dramatic weakening at higher slip rates consistent with flash
heating.Inboth sequences, the first supershear ruptures are arrested, with
velocity-strengthening behaviour, whereas the trailing-Rayleigh ruptures and
subsequent dynamic events resultin substantial velocity weakening. The plots
of friction versus time emphasize the strengthening, whichis more
compressedinthe plots versusslip. The slip-rate time histories show how
rapidly theslip rate changes.
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Extended DataFig. 9 |Friction and shear stress time histories along the
interface for the two sequences oflaboratory earthquakes. a, b, First (a) and
second (b) sequence of ruptures (same as in Fig. 1e). This figure presents the
two cases next to each other for comparison. The friction coefficient before
rupturesarrival, f, =7,/0,=0.55,isrepresented inblack, while the red regions
indicate the friction coefficientincrease associated with strengthening and
theblueregions corresponding to the pronounced weakening, consistent with
flash heating. Planesintersecting the friction surface are shown at the two
locationsanalysedinFig.4 and Extended DataFig. 8. The planesareatx; =8 mm
and x; =18 mm, and atx, =5mmandx; =40 mm, for the firstand second
sequences, respectively. c,d, Maps of the shear stress for the firstand second
sequence, respectively, showing the highly variable and transient nature of the
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stress field. The shear stressincrease (yellow-to-red) and then decrease (blue)
traversing the entire field of view (from approximately 35 to approximately 80
and approximately 20 to approximately 60 microseconds for the firstand
second sequence, respectively) are associated withslipin events Band then
correspond to the continued propagation of the pressure and shear waves that
increase stress as well as Rayleigh waves that decrease stress associated with
the priorslip of (now arrested) rupture B; note that the (dynamic) shear stress
decreaseis notassociated withany slip occurringontheinterface. Arrest of
slip events leads to stress concentrations which, together with dynamic stress
waves fromongoingslip on the Homalite interface as well as intermitted slipin
the gouge, and dynamic weakening, promote dynamic nucleation of
subsequentslip events.



x1=1mm x1=2mm

Strengthening

o
(o]

S 0.6 :
kS
T 0.4 -
Enhanced
02} weakening 1 |

—

o
-
-
<4
<4
<+
-
4
-
-
-
-
-

8| B: trailing-Rayleigh
rupture

A: super-

Slip rate (m s'1)
S

A

O 5 10 15 20 25 O 5 10 15 20 25 30
Slip (m) Slip (zm)

Extended DataFig.10|Additional evidence for velocity strengtheningin (Fig. 4a), weakening of 0.22 occurs over slip scales of approximately 5 pm, again
quartzgouge. Friction versusslip (a, b) and slip rate versusslip (c, d) for indicating that weakening of 0.1in friction occurs over slips of 2-3 pm. Hence
rupture sequencelatthe edge of the gouge layer, x; =Immand x, = 2mm. These thestrengthening and weakening occur over similar slip scales indicating that
plots show that frictionincreases during event A over slips of roughly 5 pm, bothare sustained friction response. Note that if the strengthening were due to
while thesslip velocity increases from roughly 0.5 m s™ to a peak value of over thedirecteffect of otherwise rate-weakening rate-and-state friction, then the
1ms™. IneventB (red), substantial weakening of ~0.15 in friction coefficient strengthening would occur over negligible slips compared to the weakening.
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