
Methods265

Experimental Setup266

A biaxial apparatus, CrackDyn, was used to perform the experiments (Fig. 1a). The apparatus housed two polymethylmethacry-267

late (PMMA) plates (40 x 10 x 1 cm and 45 x 10 x 1.8 cm). Experiments were conducted on PMMA rather than natural rocks268

because it provides three major advantages for scaling laboratory observations to natural fault systems. First, due to its lower269

elastic stiffness compared to rocks, the state-evolution slip distance, L, and cohesive zone size, Xc, are smaller in PMMA. As270

a result, a laboratory-scale PMMA fault is dynamically representative of a much larger natural fault, whereas a laboratory271

rock fault essentially remains of the same scale as its natural counterpart. Second, the reduced elastic properties and fracture272

energy, Gc, of PMMA ensure that nucleation lengths, ℓc and ℓ∞, remain smaller than the total fault dimension in the experiment,273

which is rarely the case in rocks, where nucleation patches can be comparable to or larger than the laboratory fault. Finally, the274

birefringent properties of PMMA allow for photoelastic visualization, enabling direct observation of nucleation growth and275

subsequent rupture propagation using high-speed imaging.276

The plates were characterized by a static Young’s Modulus, E, of 3 GPa and a Poisson’s ratio, ν , of 0.35. A normal load277

was applied by three vertical pistons via steel sample holders. The pistons were supplied by a ENERPAC P141 hydraulic pump.278

Similarly, a shearing load was applied by a single horizontal piston. This piston was supplied by a TOP Industrie PMHP-35-1000279

hydraulic pump. The force applied by each piston was recorded by a Scaime K13 load cell at 500 Hz. Local strains were280

recorded by thirteen 350-ohm strain gauge rosettes (Micro-Measurements C5K-06-S5198-350-33F) located at 3 mm from281

the sample-sample interface. The strain gauges recorded at 2 MHz and were amplified by a factor of 10 by Elsys SGA-2282

MK2 amplifiers. Ten Philtec model D100-E2H2PQTS displacement sensors were fixed across the sample-sample interface283

and recorded the local displacement with a recording frequency of 2 MHz. Thirteen Brüel & Kjær type 8309 accelerometers284

were glued horizontally approximately 30 mm from the sample-sample interface and recorded at 2 MHz. These signals were285

amplified by a Nexus conditioning amplifier 2692. Finally, an effiLux EFFI-LINE3-WTR-600-000-POL-PWR-C light source286

was used to shine linearly-polarized light through the sample. This light then passed through a second linear polarizer before287

reaching a Phantom TMX 6410 high-speed camera, which recorded 1280 x 32 pixels at 1 MHz. Considering that PMMA288

is a birefringent material, this allowed for the use of photoelasticity to track changes in stress across the sample-sample289

interface11, 40–42. A piezoelectric sensor attached to one of the PMMA samples was used as a trigger for an oscilloscope290

(Picoscope 4224 A) which generated a TLL-like signal which triggered the camera and allowed for the synchronization of the291

other acquisition systems.292

Experimental Approach293

Experiments were begun by applying either 100, 150, 200, 250, or 300 bar nominal normal stress (i.e., the pressure indicated294

on the analogue gauge of the pump supplying the vertical pistons). Next, the shear stress was increased by setting a constant295

flow rate, 3 cm3

min , on the pump supplying the horizontal piston. These conditions were kept constant until enough slip had been296

accumulated such that the displacement sensors were out of range (approximately 0.5 mm). A 1.3 x 0.3 x 10 cm stopper was297

placed in between the lower-most PMMA sample and the horizontal piston. By adjusting this stopper prior to the experiment298

such that it was either in a raised or lowered position, the local loading conditions could be altered such that a richer variety299

events could be produced. Each of the five normal stresses were tested with both stopper positions, resulting in 10 total300

experiments and 94 dynamic events.301

Data Treatment302

As the strain gauges were set up in a quarter bridge configuration, the strain, ε , could be found for the i-th strain gauge as,303

εi =
−4Ui

Uex

(
GfGamp

(
1+ 2Ui

UexGamp

)) , (2)

where Ui is the voltage reading of the individual strain gauge, Uex is the excitation voltage, Gamp is the amplification gain, and304

Gf is the gauge factor of the strain gauge.305

In this three-strain-gauge rosette, the strain gauges were oriented at 45° from one another, such that the principal strains306

were then found as,307

εxx = ε315 + ε45 − εv, εyy = εv, εxy =
ε45 − ε315

2
. (3)

when εv is the vertical direction, and ε315 and ε45 are oriented 315° and 45° clockwise from vertical (Fig. 1a). Here, x refers to308

the horizontal direction and y refers to the vertical direction.309
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These strains were then converted to stress, σ , considering Hooke’s Law in plane stress conditions,310 σxx
σ

τ

=
E

(1+ν)(1−2ν)

1−ν v 0
v 1−ν 0
0 0 1−2v

εxx
εyy
εxy

 . (4)

The values of stress were filtered with a low-pass filter at 10kHz.311

The camera recorded greyscale images in a 1280x32 matrix where the values ranged from zero (black) to a maximum312

value (white). Taking the first 20 frames as reference, the future frames were compared to this reference to detect changes313

in stress during rupture propagation41, 42. One of the 32 rows (corresponding to the 1280 pixels closest to the sample-sample314

interface) was isolated and used for this analysis. The accelerometers’ readings were converted to accelerations using each315

sensors’ individually-calibrated sensitivities. Finally, the displacement sensors’ readings were converted from voltage to gap316

distance using the calibration provided by Philtec. They were then filtered with a low-pass filter at 10 kHz. The nucleation317

duration was then defined as the interval between the foreshock recorded by the accelerometers and the transition to dynamic318

rupture, marked by rupture velocities exceeding 10 m/s as recorded by high-speed imaging.319

Foreshocks and nucleation length scaling320

In the present experimental dataset, the onset of nucleation is systematically associated with a foreshock. This feature is specific321

to this series of experiments and likely reflects the heterogeneous stress distribution along the fault, which varies between322

PMMA plates. In other laboratory studies, nucleation has been observed to occur without any identifiable foreshock. In such323

cases, the influence of foreshocks on the nucleation process cannot be investigated, and the nucleation size is, to a first order,324

defined by its theoretical asymptotic value, ℓ∞
6, for under-stressed faults.325

The coexistence of foreshocks and a larger nucleation front can be rationalized by considering the scale dependence of326

nucleation. At the scale of micron-sized asperities, local stress concentrations lead to significantly higher effective normal327

stresses than the macroscopically-applied value. Because the theoretical nucleation size scales inversely with normal stress6,328

ℓ∞ ≈ 1
π

1
(1−a/b)2

µ ′L
bσ

=
1
π

1
(1−a/b)2 ℓb, (5)

where ℓb is the elasto-frictional length scale, these local stress amplifications reduce the critical nucleation length at the asperity329

scale, enabling small slip instabilities that manifest as foreshocks. At the same time, the macroscopic nucleation process spans330

a much larger portion of the fault, controlled by the bulk stress state and the effective average σ , and can therefore extend over331

dimensions much greater than the asperity scale. This multiscale interplay explains how foreshocks, driven by localized asperity332

failure, can coexist with a larger quasi-static nucleation front that evolves toward dynamic rupture, as recently highlighted in333

the homogenized regime10.334

Transient sliding velocity335

While the onset of stable slip is systematically triggered by a foreshock, the associated sliding velocity is too small to be336

found as an instantaneous measurement. Instead, slip is seen to increase exponentially with time (Fig. S3) and can fit with an337

exponential function. The derivative of this function is found just after the foreshock to provide the transient sliding velocity.338

A similar procedure is applied to the data digitized for natural earthquakes (Fig. S4, Tab. S1). Note that, in the case of data339

for natural earthquakes, these data rely on either inversion of the fault slip based on geodetic data or the supposition that the340

slip during repeater earthquakes is representative of the aseismic slip of the patch43. Both methods are subject to a number of341

assumptions and potential errors.342

Foreshock magnitude343

The foreshocks at the origin of all observable nucleation phases in these experiments are located using error minimization based344

on arrival times. This localization allows for the assessment of the event magnitude via an averaged acceleration, Afs, found345

as44,346

Afs =

√√√√1
k

k

∑
i=1

( ri

0.01
Amax

i

)2
, (6)

where k is the number of accelerometers, r is the distance from the sensor to the event location (normalized by a reference347

sphere of 0.01 m), and Amax
i is the maximum acceleration measured by the sensor during the event.348
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Unified Framework for Earthquake Nucleation from Laboratory to Nature349

The crack’s Equation of Motion (EoM) stems from the Griffith’s energy balance which together with a set of simplifying350

assumptions can allow for the solving of the crack front propagation45. Recently, the EoM framework has been applied351

to crack-like slip transients on rate-and-state frictional faults6, 9, 46. Here, we follow the EoM treatment by Garagash9 who352

considers a plane-strain or anti-plane shear crack of half length ℓ, propagating at instantaneous velocity vr along a planar353

1D fault, characterized by the ambient sliding velocity V0 and ‘overstress’, the difference between the initial stress (ratio)354

f0 = τ0/σ and the steady-state level of friction at the ambient sliding velocity, ∆ f0 = f0 − fss(V0). The fault is embedded in an355

infinite elastic medium, and its rate-and-state dependent resistance to sliding22 is governed by three parameters: the direct effect356

coefficient a, the state evolution coefficient b, and the characteristic slip distance L over which the state of the sliding surface357

is renewed (not to be confused with the apparent slip-weakening distance of the rupture, δc). Evolution of the state is often358

modeled in the framework of either aging3 or slip47 laws, which manifest in different apparent weakening behaviors of strength359

with incurred slip in a transient (e.g., behind a propagating rupture front). Specifically, a transient governed by the aging-law360

corresponds to a rate of weakening with slip (W = −dτ/dδ ) which is approximately independent of the strength of the361

transient9, 48, W ≈ bσ/L, while for the slip-law, the weakening rate increases with the transient strength, W ∼ ∆ fpσ/L, where362

∆ fp is the maximum departure of friction from the steady-state during the transient (aka ‘friction breakdown’). Conversely, the363

apparent slip-weakening distance δc required to ‘break’ the strength by amount ∆ fpσ from the peak to the steady-state ‘residual’364

value at the above values of the weakening rate W is an increasing function of ∆ fp, δc = (1/2)(∆ fp/b)L, for the aging-law,365

while it is invariant, δc ∼ L. for the slip-law. Considering the apparent invariance of the weakening rate W in our experiments366

(Fig. 2), we adopt the aging law for the remainder of the analysis. However, previous studies have indicated that the slip law367

may be more appropriate for natural fault material, conversely to PMMA. Note that the model presents a qualitatively-similar368

behaviour using the slip law. For consistency and simplicity, we extend our results to natural earthquakes using the aging law369

rather than the slip law (Fig. 4d)370

EoM Framework371

The EoM considers the balance between the energy release rate G = K̄2/(2µ̄) into the propagating crack tip with the fracture372

energy of the frictional breakdown process Gc. Here K̄ = k(vr)K is the dynamic stress intensity factor obtained from the static373

value K multiplied by the wave-mediated dynamic prefactor k(vr); and µ̄ = g(vr)µ
′ is the apparent dynamic shear modulus374

formed from the static value µ ′ = µ and dynamic prefactor g(vr). These dynamic factors are mostly inconsequential during375

the nucleation phase characterized by vr ≪ cs, with k ≈ g ≈ 1, and full expressions9 omitted here for simplicity. The fracture376

energy of a rate-and-state fault can be defined as the breakdown work Gc =
∫

∆ f σ dδ expended near the rupture front in377

dissipating the strength-excess over the steady-state value, ∆ f = f − fss(V ), from its the peak value ∆ fp, attained at the front,378

to zero some distance behind the front over some slip distance δ relatable to the state evolution slip distance L. Since the peak379

friction ∼ a lnvr and the peak friction breakdown ∆ fp ∼ b lnvr are increasing with increasing rupture velocity by the direct380

and state-evolution effects, respectively, so is the fracture energy Gc. Contrary to the energy release rate G which materially381

depends on vr only in the seismic range, the dependence of the fracture energy Gc on vr is persistent over the entire range of382

rupture speeds, from quasi-static to dynamic. For aging law used here, Garagash9 gives383

Gc(vr) =−Li2

(
1− exp

(
∆ fp(vr)

b

))
bσL, (7)

where Li2 is the dilog function. This expression further simplifies to Gc ≈ (1/2)
(

∆ fp
b

)2
bσL for transients with ∆ fp/b ≫ 1.384

The dependence on rupture speed stems from that of the peak friction breakdown ∆ fp(vr), given implicitly by Equation (2.17)385

in Garagash9. Here we use an explicit expression,386

∆ fp(vr)

b
≈−2

3
W

(
−3

2

(
1

κ0 g(vr)

vr

v̄0

)−3/2
)

(8)

where v̄0 = exp
(
−∆ f0

b

)
µ ′

bσ
V0 is the characteristic rupture velocity embodying initial fault conditions (ambient sliding velocity387

V0 and initial overstress ∆ f0 = f0 − fss(V0)), κ0 ≈ 0.838, and W (x) is the branch (W−1) of the Lambert productlog function388

providing the real-valued solution of nen = m for −1/e < m < 0. The above explicit inversion of Garagash’s Eq. (2.17) for ∆ fp389

is exact for the slip-law case and is an excellent approximation for the aging law case considered here. (Indeed,9 observes that390

∆ fp(vr) are essentially indistinguishable for the two laws when plotted on his Fig 4a).391

A reasonable (zeroth-order) approximations, ∆ fp ≈ b ln(vr/v̄o) and Gc = (1/2)(ln(vr/v̄0))
2 bσL, allow one to readily392

glance at a simplified (logarithm-based) relation of the peak friction breakdown and the associated fracture energy on the393

rupture speed across the entire range of slip transients, from slow-to-fast.394
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The crack energy balance G = Gc can be further recast as K = Kc, where static stress intensity factor K matches the effective395

fault toughness Kc =
(√

g/k
) √

2µ ′Gc with the prefactor
(√

g/k
)
(vr) encapsulating the wave-mediated effects and Gc(vr) the396

quasi-static-to-dynamic range of the fracture energy.397

The SIF K = Kbg +Kfs, is comprised of the contributions from the background stress, Kbg, and the foreshock, Kfs, which398

can be approximated by the solutions for a bi-wing crack of half-length ℓ loaded by an effective uniformly-distributed stress399

drop ∆τeff and a localized, hypocentral point-force ∆T , respectively,400

Kbg = ∆τeff
√

πℓ, Kfs =
∆T√

πℓ
. (9)

We note that an edge-crack geometry and corresponding slightly modified expressions for the SIF components can be401

alternatively used to describe the experimental ruptures, which start proximally to one of the experimental fault ends. However,402

such a modification is not expected to drastically improve the prediction of an already significantly-simplified model. To403

close-form the EoM, we now inform the SIFs with expressions for the effective stress drop ∆τeff and hypocentral force ∆T . The404

hypocentral (foreshock) force ∆T , by a dimensional argument, is405

∆T =C µ
′
δa (10)

where δa is the foreshock ‘asperity’ slip and C ∼ 0.3 is a numerical coefficient, which will be used as a fitting parameter. The406

effective (uniform) stress drop ∆τeff is the energetically equivalent measure of the actual, spatially-varying stress drop along the407

crack defined as408

∆τ(V ) = ( f0 − fss(V ))σ (11)

the drop from the initial stress f0 σ to the ‘residual’ stress fss(V )σ set by the frictional steady-state409

fss (V ) = ( f0 −∆ f0)+(a−b) ln
(

V
V0

)
, (12)

as parametrized here in terms of the fault initial state: f0, V0, and overstress ∆ f0 = f0 − fss(V0). The spatial distribution of410

sliding velocity V =V (x) along the crack then defines the spatial distribution of the stress drop. The energetically equivalent411

∆τeff can be found from matching its SIF contribution (i.e., Kbg) to that of ∆τ(V (x)), i.e.,412

Kbg =

√
πℓ

π

∫ ℓ

−ℓ

∆τ (V (x))√
ℓ2 − x2

dx = ∆τeff
√

πℓ. (13)

Alternatively, we rewrite413

∆τeff = ∆τ(Veff) =
1
π

∫ ℓ

−ℓ

∆τ (V (x))√
ℓ2 − x2

dx, (14)

where the effective sliding velocity Veff is implicitly defined by the 2nd equality when the sliding velocity V (x) is known.414

Approximating the latter from the solution for the slip on the propagating crack loaded by ∆τeff and ∆T (Section 3(b) of415

Garagash9), and solving for Veff ultimately results in,416

Veff =
4Kc

(g/k)µ ′
√

πℓ
vr. (15)

Finally, the EoM417

∆τ(Veff)
√

πℓ+
∆T√

πℓ
= Kc (16)

together with above expressions for Kc(vr) and Veff(vr, ℓ) can be solved for vr as a function of crack length ℓ. The relation418

between these two parameters can be integrated to solve for time. Evolution of the fracture toughness, fracture energy, and419

sliding velocity also result.420

In the main text, we simplify Equation 16 by introducing Kbg = ∆τ(Veff)
√

πℓ. Kbg is increasing with crack half length ℓ and421

scales with the rate-dependent transient stress drop ∆τ - a function of the initial fault overstress parameter ∆ f0 defined as the422

distance between the background stress ratio f0 from the steady-state friction value fss(V0) at the ambient sliding velocity V0,423

and transient rupture velocity vr. In our experiments, the fault is likely neutrally or mildly understressed (∆ f0 ≲ 0; Fig. (3c,424

S6)). Additionally, we introduce Kfs = ∆T/
√

πℓ, which denotes the SIF contribution from the foreshock. It decreases with the425

crack half length ℓ and scales with a localized hypocentral Coulomb force of magnitude ∆T ∝ µ ′δa, generated by the impulse426

associated with the foreshock slip, δa, that initiates the nucleation process.427

Illustrative examples of EoM solution for the sliding velocity histories resembling the experimentally observed, foreshock-428

mediated rupture nucleation regimes are shown in Fig. S9 and Fig. 3b using the parametrization explained in the following.429
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EoM Solution in Parametric Space430

We use a suite of multiple simulations of the EoM to probe the dependence of foreshock-mediated nucleation process: foreshock431

- transient slow slip - acceleration to mainshock, as encapsulated by the nucleation time ∆tc, nucleation length ℓc, and the432

transient minimum sliding velocity Veff,min, on the foreshock force ∆T , initial fault conditions (∆ f0 and V0), and a set of433

fault elasto-frictional constitutive parameters. We use a normalized EoM formulation which allows for the reduction of the434

parametric space to a non-dimensional foreshock force, ∆T
µ ′L , initial overstress, ∆ f0

b , and ambient sliding velocity, V0
(bσ/µ ′)cs

, and435

a single constitute parameter, the ratio of the direct to state coefficients, a/b. We present results for the PMMA-like value436

a/b ≈ 0.5549, while also performing a limited suite of solutions for the rock-like value a/b ≈ 0.7537 to further validate the437

emerging correlations discussed below.438

Nucleation Length, Nucleation Time, Transient Minimum Velocity, and Inversion of Fault State-Evolution Distance439

The EoM suite of solutions for the normalized nucleation length vs. nucleation time is shown on Fig. S2 for a wide variety of440

the non-dimensional loading parameters, foreshock force ∆T
µ ′L (implicit) and initial overstress ∆ f0

b , and non-dimensional ambient441

sliding velocity V0
(bσ/µ ′)cs

. Length and time to nucleation decrease with both increasing foreshock impulse and increasing442

fault initial overstress. The theoretical maximum nucleation length ℓ∞
6, 50 serves as the upper bound which is approached443

asymptotically on understressed (∆ f0 < 0) faults when the foreshock force decreases to the ∆ f0-dependent threshold value for444

the transient arrest (and as time to nucleation diverges).445

Performed EoM simulations show a collapse of time-to-nucleation ∆tc versus minimum effective sliding velocity, Veff,min, for446

a wide variety of the non-dimensional loading parameters, ∆T
µ ′L and ∆ f0

b , and ambient sliding velocity V0
(bσ/µ ′)cs

(Fig. S5a). This447

collapse manifests two asymptotic behaviours where ∆tc ∼ L/V0 is a constant for transients with very small minimum sliding448

velocity, comparable to the initial fault value, i.e. when Veff,min ∼V0, and ∆tc ∼ (L/Veff,min) ln(Veff,min/V0) when Veff,min ≫V0.449

Essentially, to the first order ∆tc is inverse in Veff,min with the low-velocity cut-off at ∼V0. Small departure from the collapsed450

curve on Fig. S5a corresponds to the solutions with appreciable understress ∆ f0 < 0. This second-order behavior is more451

apparent when we remove the dominant (inverse in Veff,min) behaviour when plotting the product ∆tcVeff,min in Fig. S5b.452

The overall relation between ∆tc and Veff,min (Fig. S5a) can be well modeled by,453

∆tc =
1

π (1−a/b)
L

Veff,min
×D

(
Veff,min

V0

)
, (17)

with the transition function454

D(V ) =

(
(C0 V )−α +

(
C1 ln

V

V1

)−α
)−1/α

, (18)

between the small-velocity, D ∼C0 V , and large-velocity, D ∼C1 ln(V /V1), asymptotes, and fitting constants C0, C1, V1, and455

α found as 0.64174, 1.33245, 0.01332, and 2.15680, respectively.456

To perform the fit of the EoM empirical relation of the time-to-nucleation ∆tc and the average minimum sliding velocity457

Veff,min, Equation (17), to the correlation of experimental events ∆tc with the minimum value of the sliding velocity Vmin458

measured at a fixed point on the fault, we need to relate the point-wise value Vmin to the crack-average one Veff,min. To459

accomplish this, we use the EoM approximate solution for the sliding velocity distribution9 V (x) = (Veff/2)
(
1− (x/ℓ)2

)−1/2
460

and model the sliding velocity measured at a fixed location on the fault proximal to the foreshock as the hypocentral value of461

the EoM distribution. In other words, we use the model’s Veff,min/2 as the proxy for the experimental Vmin.462

Taking a = 0.016 and b = 0.029 for PMMA laboratory fault49, Equation (17) was fit to the laboratory data, yielding an fault463

ambient sliding velocity V0 = 1.35 ·10−6 m/sec and the state evolution slip distance of the interface L = 0.19m comparable to464

∼ 0.4m inferred from velocity-stepping experiments on a PMMA fault49.465

Similarly, in Fig. 4d, Equation (17) was used to prepare possible fits for the natural earthquake data assuming granite466

friction37 with a = 0.014 and b = 0.019 and natural fault ambient sliding velocity V0 = 10−12 m/sec. We note that the transient467

(minimum) sliding velocity values inferred for the natural earthquakes in our dataset (Fig. 4d) are of the order of or exceed the468

typical plate convergence rate, i.e. Vmin ≳ 10−9 m/s. Thus, any suitable choice of the ambient sliding velocity assuming an469

initially ‘locked’ fault, i.e. V0 ≪ 10−9 m/s, will not have significant affect on the EoM fit for the natural events.470

Transient Minimum Velocity vs. Foreshock Force vs. Foreshock Slip471

The EoM empirically predicts a collapse of Veff,min and ∆T only in the case of large overstress (Fig. S6). In those cases, we472

find Veff,min
V0

≈ 10 · e
∆T

0.51µ ′L , where ∆T =Cµ ′δa. We use this relation together with the fitting constant C = 0.3 to produce the473

upper-bound dashed curves in Fig. 3c for different values of L bracketing the best-fit value of 0.19 µm. Indeed, the EoM does474
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Supplementary Figure S1. The videograms of the events in Fig. 1 overlain with variations in a-c, shear stress, d-f, slip
displacement, and g-i, acceleration. In all sub-figures, the reading is zeroed to its position on the experimental fault and
deviation from this position corresponds to a change in the measured parameter in accordance with the scale given in the
top-right of each videogram.

not indicate that there is a one-to-one relationship between Veff,min and the hypocentral force, ∆T . Instead, Veff,min also depends475

on the overstress. Rather, Veff,min and its experimental proxy Vmin encapsulate the loading conditions on the fault from both476

prestress and the foreshock (asperity slip), and can not be reduced to one or the other.477

EoM modeling of experimental sliding velocity history478

The model parameters used to produce the experiment-reflecting results for transient sliding velocity evolution of Fig. 3b479

are the same as used above for PMMA with the addition of the shear wave speed taken as 1345 m/sec, the apparent shear480

modulus taken as 1.24 GPa, and the normal stress taken as 0.8333 MPa (the average of the normal stresses given in Fig. 2). The481

asperity slip δa is converted into an equivalent hypocentral Coulomb force ∆T using a single asperity equivalent point force,482

∆T =Cµ ′δa with C = 0.3.483
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Supplementary Table S1. Laboratory and natural earthquake data from literature.

Earthquake Year ∆tc [sec] Quasi-static length [m] Quasi-static slip [m] Vmin [m/s]
Tohoku-Okia 2011 1.99e6 75000 0.2 1.6e-8

Illapelb 2015 1.21e7 50000 0.113 3.4e-9
Iquíquec 2014 2.33e7 110000 0.09 8.9e-10
Papanoad 2014 5.26e6 250000 0.05 6.5e-10
Ibari-Okie 2008 3.33e5 44600 0.017 2.5e-8

Izmit f 1999 2.64e3 300 0.0124 2.7e-7
Izmitg 1999 2.64e3 300 0.160 1.3e-5

Valparaísoh 2017 3.46e5 90000 0.09 -
Kumamotoi 2016 1e5 20000 0.255 -

Silivri j 2019 3.72e5 7000 - -
Duvernayk 2016 1.9e4 2000 - -
Laboratoryl - 9 0.24 1.5e-5 3.6e-7
Laboratorym - 4.5 0.76 5.8e-5 1e-7
Laboratoryn - 4.85e-2 1.88 - 1e-5
Laboratoryo - 1.22e-1 1.27 - -
Laboratoryp - 1.2e-2 0.027 - -
Laboratoryq - 3.3e-1 1.1 - -

a ∆tc from Figure 3. Quasi-static length from Figure 2. Vmin from Figure 3Bc12.
b Quasi-static length from Figure 3b. Slip and ∆tc from page 3918. Vmin from Figure 4c evaluated at -140 days31.
c ∆tc from abstract. Slip from Figure 3b. Quasi-static length from Figure 4. Vmin from Figure 3b14.
d Quasi-static length from Figure 2. Vmin estimated from Figure 2c assuming mainshock at slip of 5 cm and constant patch size28.
e Quasi-static length and ∆tc from Figure 5a. Vmin from Figure 5d30.
f Slip and Vmin from Table S1 assuming shear modulus of 30 GPa. Patch size from page 87918.
g Slip and Vmin from Table S229. Patch size assumed the same as f .
h Quasi-static length from Figure 5. ∆tc from text page 10293. Slip from Figure 315.
i Quasi-static length and ∆tc from Figure 3. Slip from page 895127.
j Quasi-static length from abstract. ∆tc from Figure 534.
k ∆tc from Figure 5d. Quasi-static length from Figure 333.
l All data from Figure 20 and 2125.
m ∆tc and quasi-static length from Figure 2c. Slip and Vmin from Figure 2b26.
n Quasi-static length from Figure 14a. ∆tc, slip, and Vmin from Figure 14b26.
o Quasi-static length and ∆tc from Figure 2d. Figure 2c considered dynamic36.
p Data from Figure 311.
q Quasi-static length and ∆tc from Figure 2a35.
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Supplementary Figure S2. EoM solution for the nucleation length ℓc vs. time ∆tc for varying foreshock force ∆T (implicit
in this plot), various values of the overstress ∆ f0 given by the color bar and ambient sliding velocity V0 shown by symbols.
Both overstress and foreshock impulse reduce the nucleation length ℓc up to an order of magnitude below the theoretical
maximum length ℓ∞ indicated by dashed line.
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Supplementary Figure S3. a-c, The accelerations recorded by the three closest accelerometers to the foreshock plotted one
top of the other for the events shown in Fig. 1. d-f, The local slip recorded by the closest displacement sensor to the nucleating
patch. The moment at which the rupture front passes 10 meters per second is indicated with a star. The nucleation time, ∆tc, is
the time between the foreshock and the rupture velocity reaching 10 meters per second. Both of these moments are indicated
with dotted vertical lines. g-i, The same figure as d-f but with slip shown on a log scale to illustrate that the slip is occurring.
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Supplementary Figure S4. Demonstration of how the transient sliding velocities of the a, Illapel 201531, b, Iquíque 201414,
c, Papanoa 201428, d, Ibari-Oki 200830, e29, f18, Izmit 199918, 29, g, Tohoku-Oki 201112 earthquakes were estimated. The data
(Tab. S1) were fit with an exponential function. The derivative of this exponential was then evaluated at the start of the
sequence, yielding an estimate of transient sliding velocity. The geometric average of e and f was taken for Izmit 1999 with the
two values providing a crude error estimate.
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Supplementary Figure S5. a, EoM simulations upon which Equation (17) is based. The data show a collapse, regardless of
overstress, onto the primary ∆tc ∼ L

Veff,min
dependence with the low-velocity cut-off at Veff,min ∼V0. b, By removing the primary

∆tc ∼ L
Veff,min

dependence, the second order trend is visible. In a and b, the overstress is given by the color bar. The first order
trend captured by T1 is shown with the magenta dashed line. The second order trend captured by T2 is shown with the red
dashed line. The combined trend is shown with the black line. c, Fig. 4c detrended in order to show the second order
dependence of ∆tc on Vmin. The collapse (for varying ∆T and ∆ f0) for L = 0.03, 0.1, and 0.3 microns are shown with a

b = 0.55,
V0 = 10−6 m/s. d, The equivalent to c for natural earthquakes and a

b = 0.75, V0 = 10−12 m/s, and L = 0.3, 1, and 3 mm.
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Supplementary Figure S6. EoM simulations showing the relationship between foreshock size and initial minimum sliding
velocity. The EoM only predicts collapse for large overstress cases. Veff,min (and Vmin by association) depends not only on
foreshock size but also overstress. The overstress is given by the color bar. The collapsed portion of the data is fit with
Veff,min

V0
= 10 · e

∆T
0.51µ ′L ; this trend is shown with a dashed black line.
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Supplementary Figure S7. An example of an event with no discernible nucleation phase. a, The videogram of the event
with an inset showing a zoom on the start of the dynamic event. b, The same videogram overlain with the accelerometer data,
showing no discernible foreshock prior to the event.

0 10 20 30 40

0

10

20

30

0 10 20 30 40

0

10

20

30

a b
1 km·sec-2

0 10 20 30 40

0

10

20

30

c
0.02 mm1 m/sec 10 m/sec

Supplementary Figure S8. An example of an event with an extended quasi-static slip phase but without the nucleation of
dynamic rupture (maximum rupture velocity approximately 4 m/sec). a, The videogram of the event. b, The same videogram
overlain with the accelerometer data, showing the initiation of the quasi-static slip phase with a foreshock. c, The videogram
overlain with the local slip displacement data. Note that, while this event can be interpreted to not have had an appropriate
hypocentral force and overstress to develop into dynamic rupture as predicted by the EoM, an alternative interpretation could
be that the crack tip propagated into an understressed region (barrier) resulting in its arrest.
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Supplementary Figure S9. EoM simulations for an understressed case, ∆ f0
b =−1. The asperity slip, δa, during the

foreshock for each simulation is written. The other parameters are the same as those used in Fig. 3b. The three regimes
discussed in the main text are present and given by the color. Regime 1: transient deceleration followed by arrest without the
nucleation of dynamic rupture. Regime 2: transient deceleration to a minimum sliding velocity, Vmin, following by acceleration
slip and rupture velocity leading to dynamic rupture. Regime 3: near-immediate acceleration into dynamic rupture, without a
quasi-static phase.
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Supplementary Figure S10. The rupture velocity corresponding to the simulations shown in Fig. 3b. The overstress is
∆ f0 = 0 and the asperity slip, δa, is shown on each simulation’s curve. Dark lines correspond to the cases most closely
resembling the asperity slip of the experiments shown in Fig. 3a. Stars indicate the nucleation of dynamic rupture.
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