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ABSTRACT

Coseismic rupture is commonly preceded by stable fault slip, which may accelerate into dynamic rupture as the slip front
reaches critical velocities. However, the physical conditions that govern this nucleation process remain poorly constrained.
Classical theoretical frameworks typically neglect perturbations such as foreshocks, yet these may critically influence rupture
evolution. Here, we present laboratory experiments that generate dynamic rupture events exhibiting nucleation phases with
durations spanning two orders of magnitude. When nucleation onset is associated with a foreshock, its size reliably constrains
the transient sliding velocity between the foreshock and the ensuing mainshock. This transient velocity, in turn, governs both
the size and duration of the nucleation phase in both experimental and natural earthquakes. Our results align with a theoretical
framework based on a rate-dependent Griffith-like equation of motion, formulated using rate-and-state friction, and controlled
by two key parameters: a characteristic impulse and overstress. Notably, we demonstrate that, depending on these governing
parameters, a foreshock may alternatively lead to either arrested nucleation and no mainshock rupture, or merge directly into
the mainshock. Moreover, this framework enables inversion for key fault friction parameters governing earthquake nucleation.

Understanding the nucleation of frictional ruptures is a central challenge in earthquake mechanics'. Beyond earthquake
physics, nucleation processes are generic to frictional instabilities. Nucleation refers to the early processes that initiate fault
rupture, marking the transition from a stable, locked fault to an unstable, dynamically slipping one. Coseismic rupture is
theoretically expected to be preceded by quasi-static slip, growing in space and time until it reaches a critical size that may
trigger dynamic failure'~. This behavior is observed in both rate-and-state® %89 and slip-weakening models®*> '°. These
foundational studies suggest that the nucleation length, a critical measure of the size of the slipping zone prior to dynamic
rupture, is primarily governed by the fracture energy of the fault interface, G, and the weakening rate within the nucleation
region’. However, the physical parameters that control the duration and detectability of this stable phase remain poorly
understood® !, As a result, it is still unclear under which conditions geophysical observations might reveal precursory signals.
Some earthquakes appear to be preceded by a prolonged nucleation stage!>"!7, potentially accompanied by foreshocks'3-16:18:19,
while many others exhibit no detectable dynamic precursor activity at all. These contrasting observations highlight the need
for further investigation into the various physical mechanisms that may govern earthquake nucleation. Key open questions
include (i) whether all earthquakes exhibit nucleation, (ii) how foreshocks affect nucleation, and (iii) whether the slip distance
governing dynamic rupture also applies to nucleation.

We report laboratory experiments that, for the first time, directly capture how foreshocks control the nucleation of
earthquakes. A small initial slip event sets the transient sliding velocity, which in turn dictates the duration and scale of the
nucleation phase before dynamic rupture. Our results are supported by a theoretical framework based on a rate-dependent
Griffith-like equation of motion, formulated using rate-and-state friction. Finally, we extend this theoretical framework to
natural earthquakes preceded by foreshocks, enabling constraint of the characteristic nucleation parameters of large earthquakes,
challenging standard estimates.

Two decades of nucleation duration in similar stress states

Experiments were conducted using a biaxial loading apparatus (Fig. la; see Methods for details). Three representative
nucleation phases from a single experiment are shown in Fig. 1b—e. Despite having nearly identical initial stress conditions
(Figs. 1b), the duration of the nucleation phase varied by over an order of magnitude, ranging from 0.6 to 12.7 msec (Fig. le-g),
and reached maximum values of ~ 80 msec across the experimental suite, highlighting the intrinsic complexity of nucleation
dynamics.
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Figure 1. Large variations in nucleation duration despite similar stress states. a, The experimental setup of frictional
stick-slip experiments. Two PMMA blocks (D) with lengths, widths, and heights of (x,y,z) = (40,10,1) cm and (x,y,z) =
(45,10,1.8) cm are contained in a steel sample holder (C). A normal load is first applied by three vertical hydraulic pistons (A),
with its nominal value given by an analogue gauge and value in force measured by a load cell (B). Then, a shear load is applied
via a fourth piston (J) by a hydraulic pump at a constant injection rate. A spacer can be adjusted to allow for varied stress states
(D). Twelve strain gauge rosettes are located at y = 3 mm (G). Ten displacement sensors measure local slip (F). Twelve
horizontally-oriented accelerometers are located at y = 30 mm (E). One piezoelectric sensor is used to trigger a high-speed
camera and synchronize all recording systems (H). The use of the high-speed camera with a polarized light source and the
photoelastic properties of PMMA allows for the tracking of the propagating crack tip. b-e, Three example events which are the
6™, 27 and 9™ dynamic events, respectively, recorded from the same experiment at a nominal normal stress of 150 bar but
with different nucleation durations (12.7, 3.6, and 0.6 msec). b, The stress profiles 0.5 seconds prior to the dynamic events. c-e,
The corresponding videograms of the dynamic events, allowing for a visualization of rupture progression. The acceleration
recorded by the left-most accelerometer is shown to the right of the videogram. Nucleation is taken to begin with a foreshock
recorded by the accelerometers (white star) and to be achieved when rupture velocity reaches 10 m/sec (black shape
corresponding to specific event), allowing for the calculation of nucleation duration, Af., and length, ¢.. Nucleation duration is
shown to vary by over an order of magnitude during one experiment at similar stress conditions during non-sequential events.
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Figure 2. Comparable weakening rates for an order of magnitude difference in nucleation duration. The weakening
(change of shear stress) as a function of slip within the nucleating patch. The figure corresponds to the same three events shown
in Fig. (1). These three events occurred at similar normal (0.8, 0.8, and 0.9 MPa) and peak shear (1.1, 1.1, and 1.4 MPa)
stresses. The color bar indicates the time normalized by the nucleation duration and a black shape corresponding to the event
indicates the moment nucleation is considered to be achieved.

Note that the three selected representative nucleation phases are observed to initiate with a foreshock (Fig. 1c-e, S1g—i,
S3a-c). In many cases, additional foreshocks can be clearly identified prior to the onset of the main rupture (Fig. S1g,h). The
initiation of nucleation with a distinct foreshock is a consistent feature across the experimental dataset. The primary exceptions
are events in which no discernible nucleation phase is present; in these instances, the initial foreshock evolves directly into
dynamic rupture, without the intermediate stage of quasi-static slip-front propagation (Fig. S7).

Weakening rate does not control nucleation duration

As slip, 0, initiates within the nucleating patch, the shear stress, 7, begins to decrease, reflecting fault weakening. Initially,
the slip-weakening rate, g—g, is steep, meaning a substantial stress drop occurs over a small amount of slip. However, the
weakening rate progressively decreases as slip continues, eventually approaching a quasi-steady residual shear stress level (Fig.
2). Previous studies have shown that sharper weakening rates result in smaller nucleation lengths*>. These studies generally
indicate that weakening rate has a similar effect on nucleation duration. Yet, the example events show similar weakening rates
despite an order of magnitude difference in nucleation duration (Fig. 2). Moreover, the two orders of magnitude variation in
nucleation durations observed across the full experimental suite cannot be easily attributed to differences in weakening rate. In
fact, the initial weakening appears to be pressure insensitive, i.e., non frictional, as the drop in strength is essentially constant
despite significant differences in normal stress for many events.

Foreshocks and the onset of sliding

While the stress criticality does not appear to vary significantly between cases of slow and rapid nucleation (Fig. 1b), the
initial impulse imparted to the nucleating patch does. The initial foreshock generates a burst of sliding velocity along the fault.
This rapidly decays to a minimum transient sliding velocity, Vi, (Fig. 3a,b). The value of V;, is found to be positively
correlated with the size of the foreshock, such that larger foreshocks produce higher transient sliding velocities (Fig. 3b,c). This
relationship suggests that the initial energy imparted by the foreshock plays a key role in controlling the evolution and duration
of the nucleation phase.

Effectively, a clear relationship emerges between nucleation duration and foreshock size (Fig. 4a): events with longer
nucleation phases are typically preceded by smaller foreshocks and accumulate greater amounts of quasi-static slip prior to
transitioning to dynamic rupture. This trend is not only evident in the present experimental dataset, but also appears consistent
with observations from larger-scale laboratory experiments and natural earthquakes (Fig. 4a). A general pattern of nucleation
behavior can thus be identified (Fig. 3a,b). The sequence begins with a foreshock that triggers a burst in sliding velocity locally
along the fault. This sliding velocity then decays to a minimum, i.e. the so-called transient sliding velocity Vpi,, corresponding
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Figure 3. Foreshock size predicts the transient sliding velocity of the nucleating patch. a, The evolution of sliding
velocity in time for the three events shown in Fig. 2. The moment where rupture velocity surpasses 10 m/sec is shown with a
black symbol. Note the initial value of sliding velocity due to the foreshock, the reduction in sliding velocity after the
foreshock, and the reacceleration of sliding velocity up to the dynamic rupture propagation. The foreshocks of these three
events have estimated slips, 0,, of 0.72, 0.99, and 1.86 microns in order of increasing foreshock size, Ag (see Methods). b,
EoM simulation runs for various foreshock sizes, characterized by an asperity slip, &,, given for each simulation. The
simulations with &, most closely corresponding to the experimental events in a are shown with dark lines and the moment they
reach v, = 10 m/sec is indicated by a star (Fig. S10). The overstress is taken as Afy = 0. ¢, The transient sliding velocity after
the foreshock versus the slip accrued during the foreshock. After the foreshock, the slip evolves as an exponential function of
time (Fig. S3). This evolution is fit and its derivative is evaluated just after the foreshock, yielding the initial minimum sliding
velocity of the patch at the onset of nucleation. The slip accrued during the foreshock; J,, is taken as the jump in slip at the
moment of the foreshock (Fig. S3). Larger foreshocks yield larger transient sliding velocities. This result is predicted by the
EoM, considering % = (.55, state-evolution slip distances, L = 0.03, 0.1, 0.3 microns, and ambient fault sliding velocity,

Vo = 107 m/sec. The dashed lines represent EoM predictions for the case with non-negative overstress. Events with negative
overstress are predicted to fall below these lines and are characterized by lower Vi, and longer nucleation duration. For a and
¢, the foreshock amplitude is given by the color bar. The error of 8, is estimated as the difference between the recorded value
and the maximum possible value of &, within 0.5 msec of the end of the foreshock. The error of Vi, is estimated by
propagating the error of the 95% confidence interval of the exponential fit to the slip versus time data.

to a quasi-static slip phase, before both sliding velocity and rupture velocity accelerate exponentially (Fig. S3), ultimately
leading to dynamic rupture onset.

While natural earthquake rupture may not always be triggered by discrete foreshocks, larger foreshocks lead to higher
transient sliding velocities Vinin, both during and immediately following such precursory activity. This trend is clearly evident
in our experimental data, where larger foreshocks correlate with higher values of Vi, (Fig. 3c¢).

Equation of motion

We now seek to reconcile our experimental observations with a state-of-the-art rupture model, grounded in rate-and-state
friction. Garagash® developed an equation of motion (EoM) linking rate-and-state parameters and loading conditions to describe
the nucleation and propagation of frictional ruptures. It reads:

Kbg(AfO;Eavr)“!‘Kfs(AT;é) :Kc(Vr)~ (D

Here, all terms are implicit functions of the frictional parameters (a,b,L), where a, b, and L are the direct effect, evolution
effect, and state-evolution slip distance, respectively. Ky, is the stress intensity factor (SIF) due to the background stress.
It depends on the initial overstress Afj at ambient sliding velocity Vj, the crack length ¢ and rupture velocity v, following
rate-and-state friction. K denotes the SIF contribution from the foreshock and depends on ¢ and a localized Coulomb force of
magnitude AT o u’8,, where p’ is the apparent shear modulus and &, the asperity slip. Ultimately, the two SIF contributions
must balance the fault toughness K., which increases with v, owing to the rate-dependent frictional response. The exact form
of the SIFs is not required to qualitatively match experimental observations, as long as Kj,, increases with £, but Ky, decreases
with £. This defines a ‘well’ in the energy available to drive the rupture at some intermediate crack length?>?!, which when
balanced with K.(v;), sets a transient minimum in the rupture propagation and sliding velocities (Methods).

Nucleation dynamics are therefore controlled by two parameters, A fy and AT, which scale the aforementioned dependence
of Kyg and Kgs on the crack length, respectively. As shown in Fig. S9, the EoM predicts three possible nucleation scenarios: (i)
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a transient deceleration followed by arrest without the nucleation of dynamic rupture; (ii) deceleration to Vp,;, followed by a
prolonged quasi-static phase during which both slip and rupture velocity accelerate, eventually transitioning to the dynamic
rupture; or (iii) near-immediate acceleration into dynamic rupture, without a quasi-static phase. All three behaviors are observed
in our experimental dataset (Fig. S8, Fig. 3a, Fig. S7), and can be rationalized using the EoM. Indeed, following Equation (1),
rupture initiation is initially driven by the impulsive force AT. As the crack grows, the foreshock contribution K¢ decreases
with increasing £, promoting rupture deceleration. However, the background contribution Ky, increases with £ and tends to
accelerate the crack. Crack growth, in turn, raises the sliding velocity V, which increases the transient stress drop, owing to
the rate-weakening nature of the interface, and feeds Kyg. This feedback can sustain or arrest rupture depending on foreshock
magnitude, represented by AT, as it defines early-stage sliding velocity and thus the transient strength of the interface. When
AT is too small, the increase in K, with increasing crack length £ is insufficient to offset the associated decrease in K, and
rupture arrests (Regime 1). In contrast, a large AT generates high transient sliding velocities, leading to rapid growth of Ky,
and immediate transition to dynamic rupture (Regime 3). Between these extreme cases, a moderate AT induces a slower but
self-sustained increase in Kj,g, reinforced by the positive feedback of ¢ and V/, resulting in delayed dynamic rupture (Regime 2).
Here, the overstress A fy primarily sets the baseline value of the transient stress drop and thus controls the threshold values of
AT that determine the transition between nucleation regimes.

Moreover, the EoM offers an explanation for the observed variability of the nucleation length ¢, and the lack of a clear
correlation with normal stress ¢ (Fig. 4b), which is otherwise expected in nucleation models>%2? and reported in some
experimental studies'»?324, neither of which generally consider impulses. The EoM’s predicted nucleation size for aging

!
ary o
nucleation transients driven by a vanishingly small impulse on a neutrally or slightly understressed faults (Fig. S2). Otherwise,
both the overstress and the impulse imparted by the foreshock act to materially reduce the nucleation length compared to /., by
as much as an order of magnitude (Fig. S2).

In summary, the EoM offers a physical explanation for observed rupture behavior during nucleation. The advancing crack
tip draws energy both from the foreshock and from the inherent stress state along the fault. However, these two contributions
are not necessarily readily constrainable in both laboratory and natural settings. Instead, as these two components are the
only contributors to the energy balance of the EoM, their combination results in one unique nucleation behavior or crack
development path (Fig. 3b). In Regimes 1 and 2, this unique crack development path is characterized by the minimum transient
sliding velocity Vi,in which then, as a single parameter, dictates nucleation behavior (Fig. S5a).

frictional faults is bounded by the maximum value (. ~ % This terminal value is however approached by

Transient sliding velocity controls earthquake nucleation

The nucleation length of the experimental events is positively correlated with the nucleation duration (Fig. 4b). This trend holds
not only in our experiments, but also in larger-scale (~1 m) rock friction experiments and for quasi-statically slipping patches of
natural earthquakes, where the onset of nucleation is identified by a foreshock. These foreshocks provide an empirical basis for
estimating nucleation duration, Af.. Larger impulsive forces (i.e., larger foreshocks) result in higher transient minimum sliding
velocities Viniy (Fig. 3b,c) and shorter nucleation duration Az.. At “large” sliding velocities Vinin, Af. scales as the inverse of
Vinin, At o< ﬁ However, a progressive shift from this inverse power-law behavior to a constant nucleation duration Az, ~ At
is predicted at the transition between Regimes 1 and 2, when Vi, approaches the ambient sliding velocity Vj (Fig. S5¢). The
relationship between Af. and Vi, is quantitatively predicted by the EoM using the frictional properties of PMMA and realistic
laboratory values for the state evolution slip distance L, Equation (17).

Remarkably, the observed dependence of nucleation duration on transient sliding velocity appears to extend to quasi-static
slip patches preceding certain natural earthquakes (Fig. 4d). The slope of this relationship is consistent between our laboratory
experiments and natural events, but the natural earthquake data are offset by several orders of magnitude. This offset implies that,
for a given transient velocity, natural faults exhibit significantly longer nucleation durations than those observed in the laboratory.
This shift is attributable to differences in frictional properties, specifically much larger state evolution slip distances and smaller
values of the rate-weakening coefficient » — a for natural faults, which may depend on fault lithology*’. Additionally, part of
the discrepancy may stem from the uncertainty in estimating transient sliding velocities for natural earthquakes; our values,
based on indirect constraints, likely overestimate the Vi,;, during nucleation. Nevertheless, variations in the a/b ratio arising
from possible differences in rheology and/or variations of state-evolution slip distance L, possibly related to fault maturity>®,
are sufficient to explain the discrepancies observed among the different earthquakes analyzed (Fig. 4d).

Our experimental results provide new insight into the physics of earthquake nucleation and allow us to revisit several key
questions regarding the onset of seismic rupture. (i) Are all earthquakes preceded by a nucleation phase? In our laboratory
experiments, all dynamic events exhibiting measurable nucleation phases are initiated by foreshocks, which give rise to
transient sliding and quasi-static slip prior to dynamic rupture. However, we also observe events in which the foreshock directly
transitions into dynamic rupture without a discernible (quasi-static) nucleation phase. This suggests that while a nucleation
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Figure 4. Transient sliding velocity predicts nucleation duration and length. a, The correlation between the nucleation
duration and the slip accrued during nucleation. Prolonged nucleation phases are able to accrue more slip. Laboratory>>2® and

natural'z’ 14,15,18,27-31

earthquakes are included with black dots. The foreshock amplitude is given by the color bar. b, The

nucleation length, /., as a function of the nucleation duration, A¢.. The error of both /. and At. was found by reassessing both
quantities with a rupture velocity of 20 m/sec. Natural'? 4 13-18.27-34 and laboratory!!-2>-26-35.36 earthquakes are plotted with
black dots. ¢, The nucleation duration as a function of the transient sliding velocity after the foreshock. Predictions from the
EoM are shown in grey dashed lines based on state-evolution aging law slip distances, L, of 0.03, 0.1, and 0.3 microns,

5 = 0.55, and an ambient sliding velocity of 10~® m/sec. For b and ¢, the local value of normal stress is given by the color bar,
demonstrating an apparent independence of all three parameters on normal stress. d, The duration and transient sliding velocity

of the nucleation phases of natural earthquakes

12,14,18,28-31

. Note that the number of points is limited due to the scarcity of

resolved instances of fault slip during a foreshock to main shock sequence, required here for the analysis. EoM fits are provided
for state-evolution aging law slip distances of 0.3, 1.0, and 3.0 mm using 7 = 0.75 and an ambient sliding velocity of 10712
m/sec and shown in dashed lines. Additionally, fits with L = 1.0 mm and 3 = 0.30,0.75,0.90 are shown in pink. Assuming
different values for the natural fault ambient sliding velocity, as long as it remains much smaller than the transient Vp,i,, does not
materially affect the EoM fits. The error in ¢, and At are estimated considering dynamic rupture beginning at 20 m/sec instead
of 10 m/sec. The error for the slip during nucleation is estimated by evaluating the slip within 0.1 msec of v, reaching 10 m/sec.
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phase often occurs, it is not a strict prerequisite for rupture. (ii) How does the occurrence of a foreshock influence the nucleation
of a large earthquake? On rate-weakening faults, foreshocks initiate a positive feedback loop between the sliding velocity
and the stress drop, causing Ky, to eventually grow to the dynamic range of the rate-dependent fault toughness K. (v;) with
vy ~ cs. This drives the growth of the aseismically-slipping patch and causes main shock nucleation in sufficiently-stressed
conditions, making rate-weakening interfaces foreshock sensitive, especially when compared to rate-independent frameworks,
and providing a mechanism compatible with cascade-like processes. Larger foreshocks shrink the time scale and reduce the
stress criticality required for nucleation. The largest foreshocks can themselves merge into a main shock. Yet, observations of
quasi-static nucleation phases in foreshock to main shock sequences are relatively rare in nature, likely because the impulses of
most foreshocks are either too insignificant to lead to nucleation after the initial slowdown (Regime 1), too large to not directly
merge into a main shock (Regime 3), or quasi-static phases are simply too difficult to identify in observations'’. Importantly,
nucleation can begin without an identifiable foreshock. In this case, rupture is either initiated directly (Regime 3) or through
a quasi-static nucleation phase without a foreshock, in which the impulse is supplied by tectonic loading or other aseismic
processes®. (iil) Does the characteristic slip distance representative of dynamic rupture also describe nucleation? These results
allow for the inference of reasonable ranges (between 0.3 and 3 mm) of state-evolution slip distances, L, of real earthquakes
during their nucleation phases (Fig. 4d). These are a notable departures from the larger values of L inferred for dynamic rupture;
e.g., the state-evolution distance of 0.8 m used for modeling Tohoku-Oki*°.

Taken together, our results demonstrate that nucleation is a dynamic, rate-dependent process that can manifest in multiple
forms, and whose characteristics hold important implications for understanding the conditions under which rupture initiates and
evolves. Beyond earthquakes, our results highlight a fundamental mechanism of frictional failure that may also govern the
stability of engineered and tribological interfaces as well as landslides and icequakes.
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