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Key Points:

« The nucleation length of heterogeneous faults with multi-scale asperities of weak-
ening rate can be predicted for slip-dependent friction.

e Our theory accounts for the transition in fault stability regimes, from the tradi-
tional ”weakest defect” theory to a homogenized behavior.

 Only asperities larger than the nucleation length participate actively in the fault
stability, while the influence of small heterogeneities can be averaged.
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Abstract

The transition from quasi-static slip growth to dynamic rupture propagation constitutes
one possible scenario to describe earthquake nucleation. If this transition is rather well
understood for homogeneous faults, how the friction properties of multiscale asperities
may influence the overall stability of seismogenic faults remains largely unclear. Com-
bining classical nucleation theory and concepts borrowed from condensed matter physics,
we propose a comprehensive analytical framework that predicts the influence of hetero-
geneities of weakening rate on the nucleation length L. for linearly slip-dependent fric-
tion laws. Model predictions are compared to nucleation lengths measured from 2D dy-
namic simulations of earthquake nucleation along heterogeneous faults. Our results show
that the interplay between frictional properties and the asperity size gives birth to three
instability regimes (local, extremal, and homogenized), each related to different nucle-
ation scenarios, and that the influence of heterogeneities at a scale far lower than the nu-
cleation length can be averaged.

Plain Language Summary

Earthquakes occurs on fault. Faults are usually at rest, but they sometimes break
and suddenly release a portion of the accumulated elastic energy during earthquake rup-
tures, through radiated waves which may harm populations and structures. Yet, the birth
of earthquake (nucleation phase) is not an instantaneous process, and may start with
slow slip on the fault. Understanding precisely how this initial phase occurs is thus cru-
cial in predicting earthquake motion. If geophysical models describe it well in an ideal
case where the fault is made of the same exact material (homogeneous fault), the role
of asperities, which are present from the millimetric rock grain scale to the kilometric
tectonic plate scale, remains largely unclear. Here, we propose an extension of the nu-
cleation theory to account for the role of each asperity scale in nucleating earthquakes.
Our results show that an earthquake can be triggered by some seismogenic asperities as
previously assumed, but that these “weak” asperities may not control its nucleation if
they are small enough. In that case, we show that the birth of earthquakes along com-
plex faults can be accurately studied within the traditional homogeneous nucleation the-
ory.

1 Introduction

Understanding how interfaces fail is of utmost importance in fields ranging from
earthquake physics to engineering fracture mechanics. For unstable frictional interfaces
such as seismogenic faults, field observations (Kato et al., 2012; Bouchon et al., 2013)
as well as laboratory experiments (Dieterich, 1978; Ohnaka & Kuwahara, 1990; Ben-David
& Fineberg, 2011; Latour et al., 2013; McLaskey, 2019) suggest one possible scenario where
the onset of fault motion is characterized by the transition from quasi-static slip growth
to dynamic rupture propagation (Passelegue et al., 2016; Svetlizky et al., 2016). The tran-
sition happens when a region of critical size L. of the fault is slipping. The knowledge
of this nucleation length proves crucial since it allows to predict both the loading levels
and the position at which earthquake motion starts (Uenishi & Rice, 2003; Ampuero et
al., 2006; Albertini et al., 2020).

Previous theoretical works linked L. to the frictional properties of the fault for lin-
ear slip-dependent (Campillo & Tonescu, 1997; Dascalu et al., 2000; Uenishi & Rice, 2003)
and more complex rate-and-state (Ruina, 1983; Rubin & Ampuero, 2005; Viesca, 2016b;
Aldam et al., 2017; Brener et al., 2018) friction laws along homogeneous faults. Yet, fric-
tional properties are expected to vary significantly along the fault plane, and with depth
due to changes in the local host rock lithology, roughness, or in-situ conditions (normal
stress, temperature, pore fluid pressure, etc.) (Ohnaka, 2003; Tse & Rice, 1986). Then,
how do these multi-scale heterogeneous frictional asperities influence the global stabil-



ity of seismogenic faults? Recent studies (Perfettini et al., 2003; Ray & Viesca, 2017; Dublanchet,
2018; Ray & Viesca, 2019; de Geus et al., 2019; Albertini et al., 2020) provide valuable

insights on how heterogeneities impact the overall stability of frictional interfaces, but

arguably oversimplify the complexity of natural faults by assuming either a homogeneous
weakening rate (Albertini et al., 2020) or orderly placed asperities of uniform size (Perfettini

et al., 2003; Ray & Viesca, 2017; Dublanchet, 2018; Ray & Viesca, 2019). A comprehen-

sive framework, which links the variations of frictional properties at all scales to the over-

all fault stability, is thus dearly lacking.

In this Letter, we build on the theory of static friction (Uenishi & Rice, 2003; Ru-
bin & Ampuero, 2005; Viesca, 2016a) and the physics of depinning (Tanguy & Vettorel,
2004; Démery et al., 2014; Cao et al., 2018) to develop a theoretical framework that pre-
dicts, for any heterogeneous linearly slip-dependent fault interface, the critical size L.
of the earthquake nucleus. Supported by numerical full-field dynamic calculations, we
show that the nucleation of an earthquake is not always triggered by the weakest het-
erogeneity, but can also emerge from the collective depinning of multiple asperities. We
highlight that this shift in instability regime stems from the interplay between the char-
acteristic size of the heterogeneity and the length scale set by the distribution of frictional
properties. Finally, we show that, in assessing the stability of an interface, one has to
account mainly for perturbations whose wavelength exceeds the nucleation length, since
the influence of small-scale asperities can be averaged.

2 Materials and methods

2.1 Dynamic simulations of earthquake nucleation along heterogeneous
faults

We consider two homogeneous 2D semi-infinite elastic bodies that are kept in con-
tact with a uniform normal pressure o, idealizing the fault structure as a planar 1D fric-
tional interface indexed by x. The fault is loaded through a macroscopic shear stress 7, (z,t)
that slowly increases in time ¢. The friction 7t that opposes interface motion is assumed
to be linearly slip-dependent, and fluctuates along the fault (Fig. 1a). It locally evolves
as slip grows from its peak value 7, () to its residual one 7, (x) with a weakening rate
W (z) that describe the material brittleness/ductility. Variations of the frictional prop-
erties (7p, 7v, W) may emerge along natural faults due to local changes in geometry, rough-
ness, lithology, or ambient conditions (Tse & Rice, 1986; Ohnaka, 2003). Recent works
show that nucleation along homogeneous (Viesca, 2016a) and heterogeneous (Ray & Vi-
esca, 2017) faults in the (aging) rate-and-state framework could be investigated from the
stability of an equivalent interface with spatially dependent piecewise linear slip-weakening
friction. Despite restrictive assumptions, our work may then provide ways to predict rup-
ture nucleation for more complex and experimentally supported friction laws.

As the macroscopic loading 7, (x,t) grows, it locally exceeds the friction 7, (),
and the two bodies detach one from another by a slip § (z,¢) (Fig. 1b). Provided that
the fault has been at rest for a time far larger than that set by the propagation of elas-
tic waves, the evolution of § is described by the quasi-dynamic equations of elasticity for
Mode IT cracks (Rice, 1993; Lapusta et al., 2000):

w9
2¢s Ot

Too (2 1) (z,t) = p L[0] (2,t) = max [, (x) = W (2) 6 (z,1) , 72 ()] (1)
where 7, is the far field macroscopic loading, ¢s the shear wave velocity, p* = p/ (1 — v)
(1 and v being respectively the shear modulus and the Poisson’s ratio), and L[] (x,t) =

96/0a' (', . .
= jooj %daz’ is a linear operator. In Eq. (1), the term _575%’ often called “ra-

diation damping”, physically represents wave radiation from the interface to the two elas-
tic bodies, while p*L [d] represents the non-local contributions of the overall slip to the
local stress state. To investigate the stability of such a heterogeneous fault, we run pe-
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Tp to the residual one 7 when the local slip § reaches
rate W

its critical value d¢, defining a weakening

(7o — 7¢) /dc. Tp, 7v and W are varying independently along the fault position z. (b)

The heterogeneous fault is subjected to a uniform shear loading 7o.. Under the influence of the

steadily increasing loading, several regions of the fault start slipping where 7o locally exceeds

the strength 7. (c¢) Slip growth develops quasi-statically without any significant velocity burst,

until one slip patch reaches a critical length L. that leads to the dynamic rupture of the whole

interface (see supplemental movie S1).

riodic dynamic simulations building on a spectral

boundary integral formulation of frac-

ture (Geubelle & Rice, 1995; Breitenfeld & Geubelle, 1998). These simulations account
for both the static redistribution of stress of Eq. 1 and dynamic stress transfers (see sup-

plemental Section S1.2).

How is the fault stability influenced by the steadily increasing loading? It results
in rather complex dynamics as can be observed in Fig. 1b. multiple regions slipping at
an accelerated rate, referred to as “slip patches”, start to nucleate on the positions where
Tp is low. As the loading is further increased, they grow quasi-statically, and coalesce into
larger slipping regions. This initial nucleation stage of duration At,,. proves rather qui-
escent since no major velocity burst is observed. Yet, at ¢ = 0, an instability develops
on the right part the fault: a rupture propagates dynamically, and the two bodies start

sliding one onto another at an uniform slip rate.

If such a simulation constitutes one realistic
cleation, the simultaneous growth of multiple slip
surement of the size L. of the instability nucleus,

scenario for natural earthquakes nu-
patches prevents any accurate mea-
which might well be twice as large as

our measurement of Fig. 1c. Yet, identifying this critical length scale proves crucial since

it gives access to (i) the loading levels (Uenishi &

Rice, 2003) and (ii) the position at which

an earthquake nucleates (Ampuero et al., 2006; Albertini et al., 2020) when W is homo-

geneous along the fault.



These difficulties arise from spatial variations of peak strength that have been proven
to play no role in the stability behavior of a slip-dependent frictional interface, which
is solely controlled by the weakening rate W (Favreau et al., 1999; Uenishi & Rice, 2003).
Indeed, assuming that the macroscopic loading 7, increases slowly enough and that the
slip perturbation is small enough, the interface velocity v = § is described near the in-
stability by (Uenishi & Rice, 2003):
s Ov

2 gt @0+ WL (,0) =W (@) v (2,8) = 0 (2)

where only W is involved. This observation is supported by recent numerical simulations
of crack nucleation along interfaces with stochastic distributions of 7, and homogeneous
W (Albertini et al., 2020), except in rare situations where the asperity scale interacts
with the nucleation length (Schér et al., 2021). One may then focus on variations of weak-
ening rate W to quantify the influence of multi-scale heterogeneities on fault stability.

2.2 Measuring the nucleation length in presence of weakening rate vari-
ations: a model fault approach

We thus focus on the stability behavior of an idealized fault along which both the
peak 7, and the residual friction 7, are uniform (Fig. 2a). To make any parallel to Mode
I fracture easier, and without any loss of generality, we set 7, () = 0 (Albertini et al.,
2020). Meanwhile, the weakening rate W may vary from several orders of magnitude along
the fault. Following the procedure of (Albertini et al., 2020) (see supplemental Section
S1.1), we generate W fields that follow Gaussian correlations up to a characteristic length
scale &,. Moreover, the values of W follow a beta distribution of average (W) and stan-
dard deviation oy, between two extremal values [Wiin, Winax]. We set the nucleation
length of the reference homogeneous material with uniform (W) as the adimensionaliz-
ing length of the system L™ ~ 1.158u*/ (W) (Uenishi & Rice, 2003). In the follow-
ing, we consider oy = (W), Wiin = 0.25 (W), Wiax = 4(W), and &, = 0.05L10™.
The behavior of such a heterogeneous interface remains out of scope of the current the-
ories of rupture nucleation where W is homogeneous (Favreau et al., 1999; Uenishi & Rice,
2003; Ampuero et al., 2006; Albertini et al., 2020). We then wonder how local variations
of W as well as their intensity impact the overall fault stability.

In presence of spatial variations of W, the nucleation length is expected to fluctu-
ate along the fault. In order to investigate the local instability dynamics, we force nu-
cleation at a given point, referred to as “fault center”, by considering a macroscopic load-
ing consisting in a slowly expanding region of size L, = ¢,t (¢, < ¢s5), where the stress
locally exceeds the frictional resistance 7., > 7, (Fig. 2b). We observe in Fig. 2b that
a typical nucleation event is very similar, yet much simpler, to that of the heterogeneous
fault of Section 2.1. Its dynamics consists of two distinct regimes: (i) the first regime in-
volves stable quasi-static slip growth for t < 0 where a portion L of the interface is slip-
ping , while (ii) the second involves unstable dynamic crack propagation for ¢t > 0 where
a rupture front propagates until the whole fault is moving. The shift from one regime
to another occurs when the slipping region outgrowths a critical length L., independently
of the nature of the loading shape as long as it is peaked (see Fig. S4 in supplemental).
Importantly, this instability results from the collective motion of multiple asperities (L. ~
13¢, in Fig. 2).

To quantify the influence of spatial variations of W on L., we first propose a heuris-
tic framework to measure it from numerical calculations. Looking at the evolution of the
slip patch size L over time in Fig. 2c, we observe that its growth velocity L follows an
S-shaped curve and hits an inflexion point (in linear-log space) when L = L., as pre-
viously observed in laboratory experiments of earthquake nucleation between two poly-
carbonates blocks (Latour et al., 2013). The nucleation length L. may then be estimated
from the maximal growth rate L/ L2, as the length where the patch expansion is at its
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Figure 2. Measuring the nucleation length of a heterogeneous fault: (a) 7, and 7 are con-
sidered uniform along the interface, while the weakening rate W varies with the position. These
variations occur over a characteristic length &, and are distributed following a beta-distribution
p (W) between two extremal values [Wiin, Wmax]. (b) The model interface is loaded through an
over-stressed patch that slowly expands in time. A slip perturbation ¢ and an associated velocity
perturbation v = 5 develop as time grows. The dynamics are characterized by two phases: the
first phase consists of quasi-static growth (solid lines) and the second involves dynamic crack
propagation (dashed lines) when the slipping region reaches a critical size Lc. (¢) This shift in
dynamics is observed on the temporal evolution of the slip patch size L(t), or its growth velocity
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accurate measurement of L. from the growth rate L/ L%, See movie S2, and Figure S2 and movie

S3 for comparison with the homogeneous case of (Uenishi & Rice, 2003).



strongest. The validity of our heuristic approach is assessed on homogeneous interfaces
for which Lho™ ~ 1.158u*/ (W) is known a priori (Favreau et al., 1999; Uenishi & Rice,
2003). We use it to estimate numerically the critical length L. of heterogeneous inter-
faces with a £5% precision, corresponding to the error observed for the homogeneous
interface of known L. (see supplemental Section S2.1).

3 Results and discussion
3.1 Theoretical model for nucleation length predictions

Here, we propose a way to determine the critical length L. analytically building
on both the theory of static friction and the physics of depinning. For a velocity pertur-
bation v centered in x = xy with a support of size L, Eq. (2) becomes:

. P
a @(X,t)+

> 7 w L1 [v](X,t) =W (zo+ LX/2)v(X,t) =0 3)

L

where L1 [v] (z,t) = 5= jll %dX " is the linear operator introduced in (Dascalu

et al., 2000; Uenishi & Rice, 2003), and X = 2 (z — x¢) /L is the reduced position.

To assess the fault stability, we perform a Linear Stability Analysis on Eq. (3). It
consists of finding the perturbation size L for which the linear symmetric operator D[v] (X) =
%ﬁl [v] (X) — W (LX/2)v(X) admits a zero eigenvalue. Condensed matter physics
provides one way to tackle this problem in presence of heterogeneities (Tanguy & Vet-
torel, 2004; Démery et al., 2014; Cao et al., 2018): we expand the perturbation v with
the disorder intensity oy up to 22d order v = vg + oWy + afm, and solve the eigen-
problem D [v] = wv, where w = wp +oww1 + 02wy (see supplemental Section S3). The
nucleation length L. is the solution of the transcendental equation (4), which encompasses
the main novelty of the paper.

ou” _ [Ty (20 + Le (20) X' /2) v (X')? dX' (4)
L. (xO) -1

Le (20) 1 +1 ?
— > o — [ W (20 + Le (o) X'/2) vo (X)) v (X')dX'| =0
2ILL* 1<k<ke )\k - AO 1

In Eq. (4), vi denotes the k'!' eigenmode associated to the eigenvalue ), of the ho-
mogeneous eigenproblem £ [v] = A\iv (Dascalu et al., 2000; Uenishi & Rice, 2003). The
first two terms of Eq. (4) represent the heterogeneities contributions up to the first or-
der. The value of the critical length L. at a position z = x( involves spatial variations
of W on scale potentially larger than the heterogeneity size &,. This collective yet het-
erogeneous behavior in earthquake nucleation cannot be grasped by the homogeneous
W theory (Uenishi & Rice, 2003; Albertini et al., 2020). The third term corresponds to
second-order contributions up to a critical mode k. ~ 2L./&,. This higher order term
accounts for the influence of the spatial shape of W in all its complexity, beyond the spe-
cial cases of periodic ordered distributions of asperities (Perfettini et al., 2003; Ray &
Viesca, 2017; Dublanchet, 2018; Ray & Viesca, 2019). Eq. (4), is only valid as long as
no point of the fault reaches its residual friction value (i.e. 6(z,t) < dc(x)). But W(z
can be replaced by the instantaneous weakening rate W [z, d(x,t)] to assess fault stabil-
ity around a stable slip state §(x,t) in the case of non-linear or piecewise linear slip-dependent
friction. Yet, if Eq. (4) gives qualitative information on the influence of a non-stationary
weakening onto the nucleation process, it does not provide a quantitative framework to
predict rupture nucleation for these more complex friction laws, as the slip evolution re-
mains unknown.



When we compare the theoretical predictions LE™? of Eq. (4) to numerically es-
timated critical lengths L2'°*® for an asperity size &, that varies over 4 orders of mag-
nitude, we observe an excellent agreement (Fig. 3a). Note that (i) the nucleation length
cannot be estimated from (Uenishi & Rice, 2003)’s homogeneous theory (Fig. 3b) and
(ii) second-order contributions are required for accurate predictions (see Fig. S7 in sup-
plemental).

Equation (4) unveils rich physics about the impact of microscopic heterogeneities
on the macroscopic fault stability. From it, one can directly link spatial profiles of weak-
ening rate W to the local evolution of the nucleation length L. along the interface (see
black solid lines in Fig. 3c-¢). In our simulations, the effective nucleation length corre-
sponds to the one predicted at x = 0 due to the peaked nature of the loading. In more
realistic cases, the position z( of the earthquake nucleus (and the associated nucleation
length L. (x)) will depend on (i) heterogeneities of peak strength 7,, but also (ii) on the
spatial shape of the macroscopic loading 7., similarly to what has been observed for non-
linear slip-weakening laws (Rice & Uenishi, 2010).

Overall, our framework provides ways to quantify the influence of a single hetero-
geneity on the fault stability depending on its size and intensity (see Fig. 3), as well as
that of the superposition of multiple perturbations of frictional properties (see Fig. 4).
Next, we build on Eq. (4) and distinguish three instability regimes that can be linked
to realistic earthquake nucleation scenarios on natural faults.

3.2 Instability regimes in earthquake nucleation

In natural fault zones, heterogeneities in friction occur over many different scales.
We observe them at the centimetric scale with minerals, clasts and foliation, at the met-
ric/decametric scale along large faults consisting of different lithologies, up to the scale
of tectonic plates where kilometric asperities generated by heterogeneous stress distri-
bution have been suggested as potential nucleation sites for megathrust earthquakes in
subduction zones. It is still uncertain how those different scales may interact with each
other, and how they ultimately impact the nucleation of earthquakes. Building on Eq. (4),
we highlight in Fig. 3c-e three different instability regimes, referred to as local, extremal
and homogenized regimes. They emerge from the interplay between three length scales:
the heterogeneity size ., the nucleation length associated to average frictional proper-
ties Lhom ~ 1.158u* / (W), and the scale set by the weakest defect along the fault L™ ~
1.158* /Winax-

(i) Local regime: when &, > L2°™ and ¢ > L™" the weakening rate W is al-
most constant over the nucleation patch (see Fig. 3¢c). One then retrieves the dynam-
ics of homogeneous nucleation (Uenishi & Rice, 2003), and the effective nucleation length
is set by the local frictional properties at the fault center L. (0) ~ L°¢ ~ 1.158u* /W (0),
which can be distributed above (W (0) < (W)) or below (W (0) > (W)) Lhem,

(ii) Extremal regime: when &, < L™ and ¢, > L™ a critical nucleation patch
of size L. (0) ~ L™ may develop within a single brittle asperity of size ¢,, where the
weakening rate reaches its mazximal value Wi,.x. This small event destabilizes the in-
terface as a whole, generating a complex dynamics of multiple slip pulses (see velocity
map in Fig. 3d for which &, = 0.01Lhom = 2Lmin) Along natural faults, these small
ruptures may be arrested by local barriers of strength 7,, but they may trigger a cas-
cade of nucleation events centered on other weakest spots until the entire fault fails (Zhang
et al., 2003; Noda et al., 2013; de Geus et al., 2019). Note that (1) these brittle asper-
ities influence the effective nucleation length L. far away from them, and that, in con-
trast, and (2) other weak spots may not be critical if not brittle enough i.e. &, < L°¢ >
Lhom (see the spatial evolution of LE*4 in black line in Fig. 3d and supplemental Sec-
tion S4).
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(iii) Homogenized regime: when &, < L2°™ and ¢, < L™® no critical slip patch
can develop within a single asperity. Nucleation occurs after the collective depinning of
multiple asperities (Perfettini et al., 2003; Dublanchet, 2018; Ray & Viesca, 2019) with
dynamics similar to that of homogeneous nucleation. The critical length L. fluctuates
around its homogenized value L™ set by the averaged frictional properties (see Fig. 3e),
and can then be studied within the homogeneous nucleation theory of (Uenishi & Rice,
2003). Note that Eq. 4 fully capture fluctuations of L. around L'™ which may grow
as the intensity o, of weakening rate fluctuations increases.

We argue here that all three instability regimes could occur along natural faults
depending on their size, geometry, maturity, and lithology. But the homogenized regime
proves to be of major importance for geophysical applications. Indeed, heterogeneous
fracture is often described as a critical phenomenon controlled by the weakest defect, thus
ruling out its study within a homogeneous framework. Yet, our results suggest that un-
der the scale separation condition &, < L™1 the stability behavior of a heterogeneous
fault can be studied within the homogeneous framework of (Favreau et al., 1999) and
(Uenishi & Rice, 2003) with L. ~ L2°™ ~ 1.158u*/ (W). Moreover, the existence of
the homogenized regime may account for the relative reproductivity of laboratory ex-
periments where sample roughness is often imposed and kept relatively smooth, and fur-
ther justifies their relevance in the modeling of natural faults.

3.3 Influence of each asperity scale to the global stability of heteroge-
neous fault

So far we considered cases where the distribution of weakening rate asperities could
be described through a unique length scale £,. Yet, heterogeneities of weakening rate may
emerge from e.g. the fault roughness that exhibits a scale-free self-affine behavior that
spans over several decades of length scales (Candela et al., 2012), which makes the mod-
eling of rough faults particularly challenging from a numerical point of view. Up to now,
it is still largely unclear which length scales actively participate in the fault stability and
which may be averaged in a realistic modeling of earthquake nucleation along rough faults.

To further demonstrate the potential of our theoretical framework, we consider a
heterogeneous fault with a weakening rate profile Wiy; (x) (see Fig. 4a), that emerges from
a multi-scale distribution of asperities with a Hurst exponent H = 0.7 (Ampuero et al.,
2006). The nucleation length L™ (x) can be computed from Eq. (4). We superpose to
the initial weakening rate profile Wi,; a unimodal perturbation @ of period £pery and am-
plitude Apere, giving birth to a perturbed profile Wiyere:

2
Woert () = Wini () + Apert - €OS ( il a:) (5)

pert

When computing the nucleation length L2 () associated to Wper (), we observe
that only perturbations whose wavelength is larger than the reference nucleation length
LM (z) matter (see Fig. 4b& e), and that the perturbation of critical length increases
with both the wavelength ¢,er¢ and the amplitude Apc,s. Furthermore, small-scale per-
turbations (pery < L2°™) do not change the nucleation length LE°™*, whether its am-
plitude is small (Fig. 4c) or large (Fig. 4d). Note that, if the initial nucleation length L™
locally drops to extremal values (see Fig. 3d), very small-scale asperities may then in-

fluence the overall stability behavior of the fault.

Overall, our work provides then quantitative reasoning to assess which scale of as-
perities should be included in the modeling of complex faults and which can be averaged,
when frictional heterogeneities span over several length scales.
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Figure 4. Influence of a modal perturbation on the stability of a heterogeneous fault: (a) an
initial weakening rate profile Win; (z) consisting of the superposition of multiple spatial modes is
considered. The spatial variations of Wiy; gives birth to an effective profile of nucleation length
L™ (z) following Eq. (4). (b) The influence of the superposition of a unimodal perturbation 1

of period {pert and amplitude Apers to the initial W-profile is quantified through the root-mean-
square of the difference between the spatial profile of initial nucleation length L™ (x) related

to Wini (z), and the perturbed one LE®'® (z) related to Wini (x) + (). (c-e) When the pertur-
bation wavelength fper¢ is smaller than the initial nucleation length Lml it does not change its
spatial profile, no matter the perturbation amplitude. Only larger wavelength perturbations may

influence the nucleation length.

4 Conclusion

Nucleation processes along fault with differential frictional weakening W is a col-
lective phenomenon that may involve the progressive depinning of multiple asperities un-
til a perturbation of size L. is reached. Building on the theory of static friction and the
physics of depinning, we proposed an analytical framework that allows to predict the ef-
fective critical length L. for any spatial profile of W. This framework has been success-
fully compared to dynamic simulations of Mode II friction, and is directly tractable to
nucleation of Mode I and Mode III fracture along weak interfaces. It provides clues to
explain various nucleation scenarios observed in laboratory experiments and in nature,
as well as to derive scale-separation conditions assessing the influence of one asperity scale
on the overall fault stability. Further, it may provide ways to estimate the shear load-
ing levels and the position at which nucleation occurs along more complex interfaces of
known frictional properties, where all frictional quantities (7p, 7, W) as well as the ex-
ternal loading (o, 7oo ) fluctuate due to e.g. fault roughness (Cattania & Segall, 2021).
The recent analogy drawn between earthquake nucleation for rate-and-state friction and
rupture initiation along heterogeneous piecewise linear slip-weakening interfaces (Viesca,
2016a; Ray & Viesca, 2017) provides convincing ways to extend the proposed framework
to rate-and-state friction laws. The generalization of our results to (1) non-linear slip-
dependent friction laws, and (2) a three-dimensional setting is not straightforward, but
one may adapt the approach proposed in this work to handle fault inhomogeneities to
the energetic nucleation framework of (Rice & Uenishi, 2010). Yet, further experimen-
tal work is needed to assess the validity of our framework in predicting the influence of
heterogeneities on the nucleation process. Dynamic rupture experiments performed on
model micro-architectured faults in the laboratory (like e.g. (Berman et al., 2020)) may
constitute a critical test for our theory.

—11—



Acknowledgments

Data regarding the figures of the main text are available on Zenodo (Lebihain et al., 2021).
M.L. acknowledges funding provided by the Swiss National Science Foundation (Grant
CRSK-2.190805). M.V. and M.L. acknowledge support provided by the ERC BEFINE
(Grant 757290). The authors thank Dr. F.X. Passelegue for fruitful discussions and a
critical reading of the manuscript, as well as the three anonymous reviewers whose valu-
able comments improved the manuscript. This work benefits from discussions with Dr.

G. Albertini and Dr. D.S. Kammer.

References

Albertini, G., Karrer, S., Grigoriu, M. D., & Kammer, D. S. (2020). Stochastic
properties of static friction. Journal of the Mechanics and Physics of Solids,
104242. Retrieved from http://www.sciencedirect.com/science/article/
pii/S0022509620304555 doi: 10.1016/j.jmps.2020.104242

Aldam, M., Weikamp, M., Spatschek, R., Brener, E. A., & Bouchbinder, E.

(2017). Critical nucleation length for accelerating frictional slip. Geo-
physical Research Letters, 44(22), 11,390-11,398. Retrieved from https://
agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017GL074939  doi:
10.1002/2017GL074939

Ampuero, J.-P., Ripperger, J., & Mai, P. M. (2006). Properties of dynamic earth-
quake ruptures with heterogeneous stress drop. In Farthquakes: Radiated en-
ergy and the physics of faulting (pp. 255-261). American Geophysical Union
(AGU). Retrieved from https://agupubs.onlinelibrary.wiley.com/doi/
abs/10.1029/170GM25

Ben-David, O., & Fineberg, J. (2011). Static friction coefficient is not a mate-
rial constant. Physical Review Letters, 106(25), 254301. Retrieved from
https://link.aps.org/doi/10.1103/PhysRevlett.106.254301 doi:
10.1103/PhysRevLett.106.254301

Berman, N., Cohen, G., & Fineberg, J. ~ (2020). = Dynamics and properties of the
cohesive zone in rapid fracture and friction. Physical Review Letters, 125(12),
125503.  Retrieved from https://link.aps.org/doi/10.1103/PhysRevlett
.125.125503 doi: 10.1103/PhysRevLett.125.125503

Bouchon, M., Durand, V., Marsan, D., Karabulut, H., & Schmittbuhl, J. (2013).
The long precursory phase of most large interplate earthquakes.  Nature Geo-
science, 6(4), 299-302. Retrieved from https://www.nature.com/articles/
ngeol770 doi: 10.1038/ngeol770

Breitenfeld, M. S., & Geubelle, P. H. (1998, September). Numerical analysis of dy-
namic debonding under 2D in-plane and 3D loading.  International Journal of
Fracture, 93(1-4), 13-38. doi: 10.1023/A:1007535703095

Brener, E. A., Aldam, M., Barras, F., Molinari, J.-F., & Bouchbinder, E. (2018).
Unstable slip pulses and earthquake nucleation as a nonequilibrium first-order
phase transition.  Physical Review Letters, 121(23), 234302.  Retrieved from
https://link.aps.org/doi/10.1103/PhysRevlett.121.234302 (Publisher:
American Physical Society) doi: 10.1103/PhysRevLett.121.234302

Campillo, M., & Ionescu, I. R.  (1997). Initiation of antiplane shear instability un-
der slip dependent friction. Journal of Geophysical Research: Solid Earth, 102,
20363-20371. Retrieved from https://agupubs.onlinelibrary.wiley.com/
doi/abs/10.1029/97JB01508 doi: 10.1029/97JB01508

Candela, T., Renard, F., Klinger, Y., Mair, K., Schmittbuhl, J., & Brodsky, E. E.
(2012). Roughness of fault surfaces over nine decades of length scales.  Jour-
nal of Geophysical Research: Solid FEarth, 117. Retrieved from https://
agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2011JB009041 doi:
10.1029/2011JB009041

Cao, X., Bouzat, S., Kolton, A. B., & Rosso, A. (2018). Localization of soft modes

—12—



at the depinning transition. Physical Review E, 97(2), 022118. Retrieved
from https://link.aps.org/doi/10.1103/PhysRevE.97.022118 doi:
10.1103/PhysRevE.97.022118

Cattania, C., & Segall, P. (2021).  Precursory slow slip and foreshocks on rough
faults.  Journal of Geophysical Research: Solid Earth, 126(4), €2020JB020430.
Retrieved 2021-04-14, from https://agupubs.onlinelibrary.wiley
.com/doi/abs/10.1029/2020JB020430 doi: https://doi.org/10.1029/
2020JB020430

Dascalu, C., Tonescu, I. R., & Campillo, M. (2000). Fault finiteness and initiation of
dynamic shear instability.  Earth and Planetary Science Letters, 177(3), 163—
176. Retrieved from http://www.sciencedirect.com/science/article/pii/
S0012821X00000558 doi: 10.1016/S0012-821X(00)00055-8

de Geus, T. W. J., Popovié¢, M., Ji, W., Rosso, A., & Wyart, M. (2019). How

collective asperity detachments nucleate slip at frictional interfaces. Pro-
ceedings of the National Academy of Sciences, 116(48), 23977-23983.
Retrieved from https://www.pnas.org/content/116/48/23977 doi:

10.1073/pnas.1906551116

Dieterich, J. H. (1978). Preseismic fault slip and earthquake prediction. Journal of
Geophysical Research: Solid Earth, 83, 3940-3948.  Retrieved from https://
agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JB083iB08p03940
doi: https://doi.org/10.1029/JB083iB08p03940

Dublanchet, P.  (2018). The dynamics of earthquake precursors controlled by effec-
tive friction.  Geophysical Journal International, 212(2), 853-871. Retrieved
from https://academic.oup.com/gji/article/212/2/853/4554385 doi: 10

.1093/gji/gex438

Démery, V., Lecomte, V., & Rosso, A. (2014). The effect of disorder geome-
try on the critical force in disordered elastic systems. Journal of Statisti-
cal Mechanics: Theory and Ezperiment, 2014 (3), P03009. Retrieved from
https://doi.org/10.1088%2F1742-5468%2F2014%2F03%2Fp03009 doi:
10.1088/1742-5468/2014,/03 /P03009

Favreau, P., Campillo, M., & Ionescu, I. R. (1999). Initiation of in-plane
shear instability under slip-dependent friction. Bulletin of the Seismo-
logical Society of America, 89(5), 1280-1295. Retrieved from https://

pubs.geoscienceworld.org/bssa/article-abstract/89/5/1280/120507/
Initiation-of-in-plane-shear-instability-under

Geubelle, P. H., & Rice, J. R. (1995). A spectral method for three-dimensional
elastodynamic fracture problems. Journal of the Mechanics and Physics of
Solids, 43(11), 1791-1824.  Retrieved from http://www.sciencedirect.com/
science/article/pii/0022509695000431  doi: 10.1016,/0022-5096(95)00043
-1

Kato, A., Obara, K., Igarashi, T., Tsuruoka, H., Nakagawa, S., & Hirata, N. (2012).
Propagation of slow slip leading up to the 2011 mw 9.0 tohoku-oki earthquake.
Science, 335(6069), 705-708.  Retrieved from https://science.sciencemag
.org/content/335/6069/705 doi: 10.1126/science.1215141

Lapusta, N., Rice, J. R., Ben-Zion, Y., & Zheng, G. (2000). Elastodynamic
analysis for slow tectonic loading with spontaneous rupture episodes on
faults with rate- and state-dependent friction. Journal of Geophysi-
cal Research: Solid Earth, 105, 23765-23789. Retrieved from https://

agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2000JB900250  doi:
https://doi.org/10.1029/2000JB900250

Latour, S., Schubnel, A., Nielsen, S., Madariaga, R., & Vinciguerra, S. (2013). Char-
acterization of nucleation during laboratory earthquakes. Geophysical Research
Letters, 40(19), 5064-5069. Retrieved from https://agupubs.onlinelibrary
.wiley.com/doi/abs/10.1002/gr1.50974 doi: 10.1002/grl.50974

Lebihain, M., Roch, T., Violay, M., & Molinari, J.-F. (2021, August). Earth-

—13—



quake Nucleation along Faults with Heterogeneous Weakening Rate. Zen-
odo. Retrieved from https://doi.org/10.5281/zenodo.5254486 doi:
10.5281/zenodo.5254486

McLaskey, G. C.  (2019). Earthquake initiation from laboratory observations and
implications for foreshocks. Journal of Geophysical Research: Solid Earth,
124(12), 12882-12904. Retrieved from https://agupubs.onlinelibrary
.wiley.com/doi/abs/10.1029/2019JB018363 doi: 10.1029/2019JB018363

Noda, H., Nakatani, M., & Hori, T. (2013). Large nucleation before large
earthquakes is sometimes skipped due to cascade-up—implications from
a rate and state simulation of faults with hierarchical asperities. Journal
of Geophysical Research: Solid Earth, 118(6), 2924-2952. Retrieved from
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/jgrb.50211
doi: https://doi.org/10.1002/jgrb.50211

Ohnaka, M. (2003). A constitutive scaling law and a unified comprehension for
frictional slip failure, shear fracture of intact rock, and earthquake rupture.
Journal of Geophysical Research: Solid Earth, 108. Retrieved from https://
agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2000JB000123  doi:
10.1029/2000JB000123

Ohnaka, M., & Kuwahara, Y. (1990).  Characteristic features of local breakdown
near a crack-tip in the transition zone from nucleation to unstable rupture dur-
ing stick-slip shear failure.  Tectonophysics, 175(1), 197-220. Retrieved from
http://www.sciencedirect.com/science/article/pii/004019519090138X
doi: 10.1016,/0040-1951(90)90138-X

Passelegue, F. X., Schubnel, A., Nielsen, S., Bhat, H. S., Deldicque, D., &
Madariaga, R.  (2016). Dynamic rupture processes inferred from laboratory
microearthquakes. Journal of Geophysical Research: Solid Earth, 121(6),
4343-4365. Retrieved from https://agupubs.onlinelibrary.wiley.com/
doi/abs/10.1002/2015JB012694 doi: 10.1002/2015JB012694

Perfettini, H., Campillo, M., & Ionescu, I. (2003). On the scaling of the slip weaken-
ing rate of heterogeneous faults. Journal of Geophysical Research: Solid Earth,
108. Retrieved from https://agupubs.onlinelibrary.wiley.com/doi/abs/
10.1029/2002JB001969 doi: https://doi.org/10.1029/2002JB001969

Ray, S., & Viesca, R. C. (2017). Earthquake nucleation on faults with het-
erogeneous frictional properties, normal stress. Journal of Geophysical
Research: Solid Earth, 122(10), 8214-8240. Retrieved from https://

agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017JB014521 doi:
10.1002/2017JB014521

Ray, S., & Viesca, R. C. (2019). Homogenization of fault frictional properties.
Geophysical Journal International, 219(2), 1203-1211. Retrieved from
https://academic.oup.com/gji/article/219/2/1203/5533328 doi:
10.1093/gji/ggz327

Rice, J. R. (1993). Spatio-temporal complexity of slip on a fault. Journal
of Geophysical Research: Solid Earth, 98, 9885-9907. Retrieved from
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/93JB00191
doi: https://doi.org/10.1029/93JB00191

Rice, J. R., & Uenishi, K. (2010). Rupture nucleation on an interface with a power-
law relation between stress and displacement discontinuity. International Jour-
nal of Fracture, 1653(1), 1-13. Retrieved from https://doi.org/10.1007/
$10704-010-9478-5 doi: 10.1007/s10704-010-9478-5

Rubin, A. M., & Ampuero, J.-P. (2005). Earthquake nucleation on (aging) rate and
state faults.  Journal of Geophysical Research: Solid Earth, 110.  Retrieved
from https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/
2005JB003686 doi: 10.1029/2005JB003686

Ruina, A. (1983). Slip instability and state variable friction laws. Journal of Geo-
physical Research: Solid Earth, 88, 10359-10370. Retrieved from https://

—14—



agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JB088iB12p10359
doi: 10.1029/JB088iB12p10359

Schér, S., Albertini, G., & Kammer, D. S. (2021). Nucleation of frictional sliding by
coalescence of microslip.  International Journal of Solids and Structures, 225,
111059. Retrieved from https://www.sciencedirect.com/science/article/
pii/S0020768321001499 doi: 10.1016/j.ijsolstr.2021.111059

Svetlizky, I., Munoz, D. P., Radiguet, M., Kammer, D. S., Molinari, J.-F., &
Fineberg, J. (2016). Properties of the shear stress peak radiated ahead
of rapidly accelerating rupture fronts that mediate frictional slip. Proceed-
ings of the National Academy of Sciences, 113(3), 542-547. Retrieved from
https://www.pnas.org/content/113/3/542 doi: 10.1073/pnas.1517545113

Tanguy, A., & Vettorel, T. (2004).  From weak to strong pinning i: A finite size
study. The European Physical Journal B - Condensed Matter and Complex
Systems, 38(1), 71-82. Retrieved from https://doi.org/10.1140/epjb/
€2004-00101-6 doi: 10.1140/epjb/e2004-00101-6

Tse, S. T., & Rice, J. R. (1986). Crustal earthquake instability in relation
to the depth variation of frictional slip properties. Journal of Geophys-
ical Research: Solid Earth, 91, 9452-9472. Retrieved from https://
agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JB091iB09p09452
doi: 10.1029/JB091iB09p09452

Uenishi, K., & Rice, J. R.  (2003).  Universal nucleation length for slip-weakening
rupture instability under nonuniform fault loading. Journal of Geophysical Re-
search: Solid Earth, 108.  Retrieved from https://agupubs.onlinelibrary
.wiley.com/doi/abs/10.1029/2001JB001681 doi: 10.1029/2001JB001681

Viesca, R. C. (2016a). Self-similar slip instability on interfaces with rate- and state-
dependent friction.  Proceedings of the Royal Society A: Mathematical, Physi-
cal and Engineering Sciences, 472(2192), 20160254. Retrieved from https://
royalsocietypublishing.org/doi/10.1098/rspa.2016.0254 doi: 10.1098/
rspa.2016.0254

Viesca, R. C.  (2016b).  Stable and unstable development of an interfacial sliding
instability.  Physical Review E, 93(6), 060202(R). Retrieved from https://
link.aps.org/doi/10.1103/PhysRevE.93.060202 doi: 10.1103/PhysRevE
.93.060202

Zhang, W., Iwata, T., Irikura, K., Sekiguchi, H., & Bouchon, M.  (2003). Hetero-
geneous distribution of the dynamic source parameters of the 1999 chi-chi,
taiwan, earthquake. Journal of Geophysical Research: Solid Earth, 108.
Retrieved from https://agupubs.onlinelibrary.wiley.com/doi/abs/
10.1029/2002JB001889 doi: https://doi.org/10.1029,/2002JB001889

—15—



